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PREFACE 


For the last thirteen years, the Chicago Section of the 
Society for Applied Spectroscopy has sponsored a symposium 
in the spring of each year. In this span, the symposia have 
shown a steady increase in attendance, in the number of papers 
presented, in the number of sessions, and in the number of days 
the conference lasted. The duration of the most recent sym¬ 
posium was four days, with sessions devoted to molecular 
spectroscopy, including infrared, Raman, ultraviolet, and 
visible, and to X-ray, NMR, emission, and flame spectroscopy, 
respectively, with a special session devoted to gas chroma¬ 
tography because of its growing interest in applied spectro¬ 
scopic work. 

Another feature of this last symposium was the attempt on 
part of the Symposium Committee to establish and maintain 
the scientific level at that of applied physics. This should place 
the present symposium at a level somewhere between that of 
the Ohio State symposium and that of the Pittsburgh meeting, 
thus approaching the level of applied chemical physics. 

In addition, the symposium was designed to offer to sci¬ 
entists from other disciplines and students an opportunity to 
attend introductory panels and lectures and at the same time 
the mature investigators a meeting ground and the chance to 
keep abreast of the latest developments in spectroscopy. How 
well these aims have been accomplished is best attested to by 
the phenomenal growth of the symposium. 

In 1961 the first attempt was made to publish the proceed¬ 
ings of these symposia. The result was Volume 1 of "Develop¬ 
ments in Applied Spectroscopy." This book is Volume 2 in this 
series and contains 41 papers in the various areas of spec¬ 
troscopy discussed at the 1962 symposium. The contributors 
to this volume are some of the country's leading spectrosco- 
pists. The distribution of the topics is based on the organization 
of the symposium program. 
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The s3niiposium and the proceedings would not have been 
possible except through the tremendous effort of the Sympnai nTn 
Committee. We wish to acknowledge the contributions of Jay A. 
Sheinkop, William J, Driscoll, Edward A. Piotrowski, John 
Danaczko, John P. Kapetan, ElmaLanterman, JohnE. Forrette, 
Robert J. Manning, Stuart Armstrong, and Miles Schwartz. In 
particular, we wish to give special thanks to Dr. Lanterman 
and Mr. Forrette for reviewing several of the manuscripts 
pertaining to X-ray spectroscopy and gas chromatography 
that appear in these proceedings. 


John R. Ferraro 
Argonne National Laboratory 
Argonne, Illinois 

Joseph S. Ziomek 
Mardn-Marletta Corp. 
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WORLD-WIDE COMMUNICATION 
OF SPECTROSCOPIC INFORMATION 

Forrest F, Cleveland 

Ultaois Institute of Technology 
Chicago, Illinois 


There are hundreds of thousands of spectroscopists in the 
world, and they carry out tens of thousands of investigations 
and obtain hundreds of thousands of dollars worth of results 
but the potential value of all this effort is largely lost because 

o an archaic and ineffective means of communication of these 
results. 

If spectroscopy is to make its maximum contribution, ef- 
nment and effective methods must be devised for the rapid 
diffusion of new information throughout the domain of spec¬ 
troscopy, and for the retrieval of the older information burled 


THE LANGUAGE PROBLEM 

^e first difficulty encountered is, of course, the language 
problem. According to a study made by UNESCO, scientific 
® P’^lished in at least 34 languages, but half of the 
1 because half of the scientists cannot read the 

articles in the language of publication; for example, 50?^ of the 
results are published in English, but 50^ of the world’s 
scientists cannot read English. 

^^^st bought, translations might seem to be the answer. 

often erroneous, and for the 

tra (si^f H ’“°bl^nable. In fact, most of the articles are never 

ineS^rr! '*'ould obviously require enormous effort and 

S, “ from each of the 34 languages 

into each of the other 33. 

needed is an Interlanguage which would be the 

in wMoh half dozen European languages 

woSd bt ridpH t'" largely originated, and which 

would be readable at sight by any scientist who has a knowledge 
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of one or more of these languages. Since the scientific vocabu¬ 
lary has now spread througjioutthe world, such an interlanguage 
would be quite suitable for world-wide communication. Fortu¬ 
nately, an interlanguage of this type already exists in Inter¬ 
lingua, which appeared in 1951 after 27 years of research and 
development. 


"SPECTROSCOPIA MOLECULAR" 

Impressed by the ease of reading Interlingua and convinced 
of the necessity of doing something to improve the transmission 
of spectroscopic information beyond the language barriers, I 
decided to begin the publication in Interlingua of a small peri¬ 
odical, called "Spectroscopia Molecular," in my own field of 
research. The first issue was mailed, by a strange coincidence, 
exactly 10 years ago today, on May 1, 1952, The use of Inter¬ 
lingua assured the easiest readability by the greatest number 
of spectroscopists, 

"Spectroscopia Molecular" now goes to 400 spectroscopists, 
laboratories, and libraries in 31 countries. The periodical has 
supported itself by subscriptions and advertisements, and now 
has a reserve sufficient to guarantee publication for a year in 
advance. If more than this is received, it is used to improve 
the periodical, 

"Spectroscopia Molecular" contains brief reports of new 
research results, summaries of significant articles, reports of 
spectroscopic meetings, reviews of new books, a calendar of 
future spectroscopic events, details of new instruments, news 
about spectroscopists, and other news and information of in¬ 
terest and value to workers in this field. The emphasis is on 
new developments and on keeping the spectroscopists up to 
date. 

Experience with this periodical during its first ten years 
of monthly publication provides convincing proof of the useful¬ 
ness of Interlingua for world-wide communication. 

THE CENTRAL LIBRARY 

The Society for Applied Spectroscopy itself, through the 
dedicated effort of Theodore H. Zink, Chairman of its Inter¬ 
national Activities Committee, is using Interlingua in its 
Central Library for Spectroscopy (212 Chestnut Hill Drive, 
Ellicott City, Md., U. S, A,). This library, as one of its services. 
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publishes twice a month the periodical, ^^Titulos Spectro¬ 
scopic,” a complete list oftitlesof current spectroscopic books 
or articles. These titles are sent to the library by spectros- 
copists in all parts of the world. They are then translated 
into Interlingua by the Interlingua Division of Science Service 
(80 E. 11th St., New York 3, N, Y., U. S, A.) and are published 
within one month after their appearance in the original journal. 
The language of the article is indicated. If the spectroscopist 
can read the language, a reprint may be obtained from the 
author, or a photographic copy of the article can be obtained 
from the library. If not, an Interlingua translation of the ab¬ 
stract or complete article can be obtained. For faster service, 
the library is collecting reprints of all spectroscopic articles, 
and expects soon to be able to prepare lists of references on 
specific topics. 

This service enables the spectroscopist to know what arti¬ 
cles are being published and to obtain quickly a copy of any 
article in a language he can read. Keeping up to date is thus 
no longer such a formidable task. Spectroscopists are indebted 
to the Society of Applied Spectroscopy for providing this use¬ 
ful service. 


MULTILINGUAL DICTIONARY 

Another use of Interlingua is in a ^Multilingual Dictionary 
for Spectroscopy” I am preparing in collaboration with Asso¬ 
ciate Editors Bonino (Bologna), Dupeyrat (Paris), Matossi 
(Freiburg), Morcillo (Madrid), Stammreich (Sao Paulo), and 
Wolkenstein (Leningrad); Advisory Councilors Herzberg (Ot¬ 
tawa) and Mulliken (Chicago); and Linguistic Editor Gode (New 
York). In this, a complete list of spectroscopic terms will be 
given, each one followed by a concise and correct definition in 
hterling^a. Under this will be given the corresponding terms 
in English, Spanish, French, German, Italian, Portuguese, and 
Russian. 

The dictionary will be the equivalent of 21 bilingual dic¬ 
tionaries, and its existence will have a tendency to standardize 
international usage, which in turn will facilitate world-wide 
communication in spectroscopy. (Dr. F. O. Holmes, of the 
Rockefeller Institute for Meical Research, is prqparing a 
.similar dictionary for virology.) 
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ABSTRACTS IN INTERLINGUA 

Next to the medical workers, who are using Interlingua for 
abstracts in 25 of their journals and who have used this inter¬ 
language in the programs of a dozen international meetings, 
the spectroscopists are the ones who have shown the greatest 
initiative in the improvement of communication in their field. 
A natural next step would be the use of Interlingua in the 
programs of international spectroscopic meetings and for 
abstracts in the spectroscopic journals. This would extend the 
range and usefulness of the programs and journals. 


CONCLUSION 

The spectroscopist can now read about new developments 
in "Spectroscopia Molecular" and read the titles of all recent 
articles in "Titulos Spectroscopic," If any article is important 
for his work, he can quickly get a copy of it, in a language he 
can read, from the "Central Library for l^ectroscopy." 

Soon he will be able to find the exact meaning of any un¬ 
familiar term, and the corresponding expression in eight 
languages, by reference to the "Multilingual Dictionary for 
Spectroscopy." 

Soon, too, he will be able to extract the essence of programs 
and articles in unfamiliar languages by reading the accom¬ 
panying Interlingua abstracts. 

When these instruments have been developed to perfection, 
long strides will have been made toward the improvement of 
world-wide communication in spectroscopy. 



METHODS OF STORING, RETRIEVING, AND 
CORRELATING INFRARED SPECTRAL DATA 

Freeman H. Dyke, Jr. 

Jonker Business Machines, Inc. 

Gaithersburg, Maryland 


For analytical chemists, retrieval and correlation of data 
has always been a major problem. Finding a real solution could 
greatly reduce the amount of valuable time now necessary for 
qualitative and quantitative analyses, and enable the correlation 
of spectral data with chemical, physical, and biological prop¬ 
erties, In other words, an effective data retrieval and cor¬ 
relation technique would make analytical chemistry an even 
more valuable research tool. 

The purpose of this paper will therefore be to examine 
more closely both the problem and the currently used or 
available solutions for the retrieval of infrared spectral data. 
This examination will consist of: 

1 • Defining the ideal data proces sing equipment for meeting 
the needs of the analytical chemist, 

2. Examining the four methods now most widely used. 

3. Describing a fifth and entirely new technique known as 
"Termatrex.^ 

4. Summarizing a trial evaluation of Termatrex equip¬ 
ment for handling infrared spectral data, conducted by 
the American Society for Testing Materials. 

5. Describing the Termatrex index for X-ray diffraction 
data as authored by the American Society for Testing 
Materials and produced by Jonker Business Machines, 

Examining the parameters of the ideal retrieval system 
for spectral data, we find it should tell the chemist exactly 
which compounds are present and furnish a quantitative analysis 
of an unknown. To date, however, the ideal equipment has not 
been developed* Nevertheless, we may reasonably expect to 
find in equipment today at least the following features: 
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1. Speed in output—A search of collections of up to 250,000 
compounds should take only a few minutes, 

2. Flexibility of vocabulary—The system should be able to 
absorb an unlimited number of characteristics. This 
feature would enable the chemist to search by combi¬ 
nations of functional groups, by analytical data of all 
types, and by chemical, physical, and biological prop¬ 
erties. 

3. Flexibility in output—The searcher should receive in¬ 
stantaneous feedback from his data retrieval equipment. 
Only when he does can he employ the detective-like 
technique of question—answer, question—answer, ques¬ 
tion-answer so often necessary in a search of spectral 
data. 

4. Immediate availability—The chemist should have direct 
access to his data retrieval systems, preferably by 
having the equipment located right in the laboratory. 

5. Direct access to information—After completing a 
search, the chemist needs direct access to the detailed 
information on those chemical compounds found to meet 
the requirements of the search questions. 

6. Low cost—The equipment should be priced within the 
means of most anal 3 rtical laboratories around the world. 

The four data retrieval techniques currently in use are the 
manual index, the edge-notched card, the punched card, and 
the computer. Let us now examine the advantages and dis¬ 
advantages of each of these techniques individually. 

Probably the oldest of the data processing methods is the 
manual index. Examples are the "Sadtler Spectra Finder” for 
infrared data and the "Fink Index" for X-ray diffraction data. 

The manual index is generally an inverted system, in which 
all data on those compounds having a given characteristic are 
grouped on a page dedicated to that characteristic. The ad¬ 
vantages of the manual index can be summed up as follows: 

1. At present, this is the least expensive means of organ¬ 
izing and disseminating an index. 

2. After completing a search, the chemist has direct 
access to the name, and as a rule to some summary 
information on the compounds meeting the requirements 
of the search questions. 

3. The manual index can be kept in the laboratory where 
it is immediately available for use. 
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There are, however, some disadvantages of using a manual 
index for retrieving and correlating data. Among these dis¬ 
advantages are: 

1. The limitation of having to restrict the search to one 
or possibly two characteristics at a time. Even when 
the data are organized in a table format, it is relatively 
difficult to search for even as few as four character¬ 
istics in one operation, 

2. The difficulty of performing a search when there are a 
large number of items to be scanned and a great many 
items listed under each characteristic. 

3. The impossibility of performing negative searches, a 
screening technique recognized as one of the most 
valuable methods of conducting a search. 

4. The difficulty of keeping the index current. When new 
compounds are added to the manual index, the entire 
system must be updated. 

The second method currently in use for storing and re¬ 
trieving data is the edge-notched card. At onetime or another, 
this system has been applied to most forms of spectral data. 

In this system, a separate edge-notched card is allotted to 
each item in the data collection. These cards may vary in size 
from three inches to two feet on each edge. The character¬ 
istics of the item are coded around this edge by notching. 

A search of the system is performed by slipping long 
needles through the area of the card edge representing the 
characteristics in the search question and shaking the needles. 
Those cards which fall off the needles are the items meeting 
the requirements of the search question. The advantages of the 
edge-notched card system for data retrieval are as follows: 

1. Direct access can be supplied to a microfilm or re¬ 
duced copy of the spectrumitself as well as to summary 
information on the compound. This direct access is the 
major advantage of this method of retrieval. 

2- Updating the system is quite simple because new cards 
can be disseminated to use whenever new compounds 
are added to the data collection. 

3. Direct availability to the chemist is possible because 
the edge-notched card index can be kept in the ana¬ 
lytical laboratory. 
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The edge-notched card system, however, also has several 
disadvantages. Some disadvantages are: 

1 . Limited vocabulary—This is the most serious because 
coding space around the edge of the card is limited. 
Once this coding space has been used up, there is no 
way to expand the system to include additional charac¬ 
teristics. It is possible, of course, to use two or more 
cards per item, but this increases the search time 
severalfold and forces a collation of the cards. 

2 . Limited size of the data collection—A search becomes 
difficult to perform when there are more than 2000 
compounds in the system. For example, it requires 
nearly two hours to search 10,000 cards unless they 
are prefiled. Even then, it is impossible to prefile the 
cards for all types of searches. 

3. Limited availability—Storage space in the anal 3 rtical 
laboratory can become a real problem when the col¬ 
lection contains 10,000 or more edge-notched cards. 

The third method of data retrieval previously mentioned 
is the punched card system, which has been widely used for a 
number of years. A pioneer in the development of this search 
technique as applied to spectral data is Les Kuentzel of the 
Wyandotte Corporation. 

In this system, a punched card is devoted to one item and 
the characteristics of the item are coded by punching into the 
face of the card. A collection of data is searched by passing 
the cards through a sorter, which can be a single or multiple 
column device. Advantages of using the punched card, whether 
these are IBM or some other make, are as follows: 

1 . Retrieval is automatic, eliminating all possibility of 
errors due to clerical malfunction during output. 

2 . The system is easily kept up to date. As new compounds 
are added to the collection, new cards can be dis¬ 
seminated to the users. 

3. Direct access to the name of the compound is provided 
at the end of the search. 

Disadvantages of using the punched card system for re¬ 
trieving and correlating spectral data include: 

1 . Lack of coding space for additional characteristics. 
This is probably the greatest single drawback to using 
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this technique. Because ofthislimitation, many systems 
using punched cards for retrieval are compromised in 
their coding. Again, it is possible to use two or more 
cards per item, but this not only doubles the searching 
time, but also forces a collation of cards in addition to 
the sorting operation itself. 

2 . Difficulty on output when collections of data contain 
more than 20,000 compounds. 

3. Lack of a means by which the chemist can browse the 
system. In many instances, it becomes necessary to 
start the search all over again if the original search 
fails to yield the desired answers. It is possible, how¬ 
ever, to whittle down the necessity for searching the 
entire collection two or more times by using the proper 
search strategy. 

4. Lack of immediate availability of the search equipment 
in the laboratory. Generally, those chemists using a 
punched card system must send the card collection to a 
central data processing installation for the search to be 
performed. This is necessary because of the relatively 
high cost of the sorting equipment. 

In recent years, several organizations have programed 
computers to search infrared spectral data. Among these are 
the U.S. Air Force at Wright Field, Ohio; the Thiokol Cor¬ 
poration in Camden, New Jersey; and the National Analine 
Division of the Allied Chemical Corporation in Buffalo, New 
York. The advantages of using the computer for retrieving and 
correlating spectral data have been found to include: 

1. Relatively high speed on output. On a 7090 computer, 
the search for an entire system of 50,000 compounds 
can be completed in 10 minutes, with as many as 50 
questions being asked simultaneously. Of course, on a 
small computer such as a 1401, this same search would 
take approximately an hour. 

2 . The search yields chemical compounds which come 
closest to answering the search question. On the 7090 
program written by Wright Field, for example, the 
print-out includes addresses of the 40 compounds com¬ 
ing closest to meeting all the requirements of the 
search. First listed are those items meeting all the 
requirements; next appear those items meeting all but 
one requirement; and so on. 
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3. The coding space Is unlimited. The use of tape makes it 
possible to add as many characteristics to the system 
as are desired. Of course, the fact that this is a serial 
search does mean the search time will be doubled if 
the number of characteristics is doubled. 

4. If the computer is given intensity data, this search 
method can be used for a combination qualitative and 
quantitative analysis. 

There are some disadvantages to using the computer for 
retrieving and correlating spectral data. These are as follows; 

1. The analytical chemist must have access to a rather 
large computer. 

2. When only one question is asked, the cost of the search 
itself is relatively high. At Wright Field, the figure is 
S50.00 per search regardless of the number of questions 
being asked. 

3. There is no means of browsing or "talking to" the sys¬ 
tem. 

4. Umited availability of the computer sometimes means 
it will be possible to get on the computer only once a 
day or even once every several days to conduct a search. 

These four methods, then, are the ones most widely used 
today to meet theproblemof retrievingandcorrelating spectral 
data. There is a fifth technique called Termatrex which is 
gaining widespread attention. The principles on which Terma¬ 
trex equipment is based are as follows: 

1. Inverted grouping. In most systems, the cardor section 
of tape represents the chemical compound, while the 
characteristics of the item are coded on the card or 
tape. In the .Termatrex system, this is reversed. The 
card represents a characteristic and the items are 
coded onto the card. 

2. Allotted space. On any card representing any charac¬ 
teristic, a specific location is allotted to each item. 
Compound 0000 always appears in the lower left comer 
of the card; compound 9999 always appears in the upper 
right corner. When a hole is drilled in the space dedi¬ 
cated to an item, it means, "Yes, this item has the 
characteristic represented by this card." When a hole 
has not been drilled in this space, it means, "No, this 
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item does not have or has not been measured for this 
characteristic. ” 

3. Superimposition. To perform a search, the user selects 
only those cards representing the characteristics in his 
search question. These are then superimposed over a 
light source. Any light-dots appearing through this se¬ 
lection of superimposed cards represent chemical com¬ 
pounds meeting the requirements of the search. These 
sources of light are identified by reading off the x and 
j coordinate location on the card. The number thus ob¬ 
tained is the address of the compound, 

4, Random card filing. Each Termatrex card has a tab 
located in 1 of lOO possible positions and in 1 of 10 pos¬ 
sible colors. This feature makes it possible to select 
and refile cards at random. 

Although the full-sized Termatrex card has a capacity of 
only 10,000 items, these cards can be microfilmed. A strip of 
25 microframes would then represent a card having a capacity 
of 250,000 items. In addition, Termatrex drilling equipment has 
been developed which will automatically transfer data from 
IBM punched cards to Termatrex cards. Equipment to become 
available this summer will automatically read out the addresses 
from either the full-sized or microfilm version of Termatrex 
cards. 

While employed by E. I. du Pont de Nemours and Company, 
I worked with a number of analytical chemists in investigating 
the application of Termatrex equipment to the handling of 
spectral data. Among these chemists were Naomi Schlecter of 
the Central Research Department, K, Brandt and T. Mackey of 
the Textile Fibers Department, D. Johnson and A. Martin of 
the Plastics Department, and G. Patterson of the Film De¬ 
partment. 

Termatrex equipment has been found to have the following 
advantages for retrieving and correlating spectral data: 

1 . High speed in output. In less than five minutes, an entire 
collection (up to 250,000 compounds) can be searched 
for correlations among such concepts as spectral data, 
functional groups, elements, radicals, and properties. 

2 . Flexibility of output. The analytical chemist can browse 
or ”talk to” his data collection. This feature allows him 
to use his knowledge and ability in manipulating a data 
processing system to identify chemical unknowns. 
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3. Availability. The Termatrex installation is so compact 
it can easily be kept in the laboratory, available for 
instantaneous searches. There are no delays caused by 
having to schedule the use of a sorter or computers. 

4. Unlimited expansion. Compact, low-cost data entry 
equipment is available to the chemist who wishes to 
add compounds and/or properties from his own files 
to the data system. 

5. Unlimited vocabulary. An unlimited number of charac¬ 
teristics may be added to the system. Since Termatrex 
is an inverted system, incorporating additional charac¬ 
teristics does not increase tie search time. 


There are, of course, a few disadvantages to the Termatrex 
system. These are: 

1. The entire system must be updated when new items are 
added to the data collection. This is perhaps the most 
serious disadvantage of this technique. 

2. A search yields only the address of the compounds 
meeting the requirements of the search question. This 
represents an indirect access to the name of the com¬ 
pound. 

Two programs involving the use of Termatrex cards for 
retrieving and correlating spectral data have been undertaken 
by the American Society for Testing and Materials (ASTM). 

For handling infrared data, a trial program has been 
initiated, using ^ta on 4000 chemical compounds. Ten trial 
decks of Termatrex cards were prepared and distributed to 
ten organizations for evaluation and comparison to the other 
four data processing techniques. Those performing this evalu¬ 
ation are: 


W.T. Cave 
Assistant Director 
Research Center 

MONSANTO CHEMICAL COMPANY 
800 N. Lindbergh i?lvd. 

St. Louis 66, Missouri 

J.T. Thompson 

INLAND MANUFACTURING DIV. 
GENERAL MOTORS CORPORATION 
Dayton I, Ohio 


F.J. Ludwig 

TRETOLITE COMPANY 
369 Marshall Avenue 
St. Louis 19, Missouri 


E.C. Dunlop 
Central Research Dept. 

E.I. DU PONT DE NEMOURS k 
COMPANY, INC. 
Experimental Station 
WUmlngton, Delaware 
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A.W. Press 

Central Research Laboratory 
CANADIAN INDUSTRIES, LTD. 
Montreal, Canada 


M. V.Otis 

Research Laboratory 
TENNESSEE EASTMAN 
Kingsport, Tennessee 


R. E. Seeber 

National Analine Division 
ALLIED CHEMICAL CORPORATION 
P. 0. Box 975 
Buffalo 5, New Ycffk 


W. Fulmor 

LEDERLE LABORATORIES 
AMERICAN CYANAMID COMPANY 
Pearl River, New York 


P, Sf*^ * **^^^ 

SADTLER RESEARCH LABORATORIES 
1517 Vine Street 
Philadelphia, Pennsylvania 


W, C, Kenyon 
Research Division 
HERCULES POWDER COMPANY 
Wilmington, Delaware 


For X-ray diffraction data, ASTM has authorized Jonker 
Business Machines to prepare 300 copies of aTermatrex index 
on the 5698 inorganic compounds in the Powder Data File, 
This index is scheduled to become available for purchase from 
ASTM by September 1, 1962. 

The X-ray diffraction data index will use the full-size 
Termatrex card having a capacity of 10,000 compounds. If a 
system is established for infrared spectral data, it is quite 
probable this will be done on the microfilm version (Mini- 
matrex) of Termatrex equipment, giving the index a capacity 
of 250,000 compounds. 

Personally, I have come to believe that a combination of 
manual indexes, computers, and Termatrex indexes will com¬ 
pletely meet the needs of the analytical chemist searching 
spectral data. Further, I predict edge-notched and IBM punched 
cards will be replaced because of the relatively low speed on 
output and the lack of expandable coding space. 

In summary it can be said with certainty that more effective 
data retrieval techniques should and will enable the analytical 
chemist to combine his knowledge and skill with his own data 
processing system in Identifying unknown mixtures and com¬ 
pounds, Furthermore, he will be able to use combinations of 
analytical techniques more effectively and assist research 
by correlating spectral data with properties of chemical 
compounds. 
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INTRODUCTION 

The first part of this paper will be a discussion of some of 
the physical limitations encountered in far infrared spectrosco¬ 
py using the echellette grating monochromator with filters to 
separate orders. An inclusive discussion of the methods of far 
infrared spectroscopy using gratings and filters will be omitted 
because these methods are well known and used in hundreds of 
laboratories. In about the past 5 years such spectroscopic 
systems have become available from instrument manufacturers. 
TTie last part of the paper will describe some less common 
systems using interferometric equipment. There will be an 
account of some new detectors which can be applied to far 
infrared spectroscopy. 

.SOURCES FOR FAR INFRARED SPECTROSCOPY 

The thermal sources which are used in infrared absorption 
spectroscopic investigations emit a continuous spectrum which 
becomes increasingly feeble as wavelength increases. This 
fact would seem to place a severe limitation on far infrared 
spectroscopy. Calculation will show, however, that a de¬ 
crease in radiant energy for a fixed wavelength passband will 
not limit the energy available at the detector of a spectroscopic 
system which is operated at a fixed frequency or wavenumber 
passband. 

Because v « 1/A, where i' and A are wavenumber and wave¬ 
length, respectively, = AA/A*. Thismeansthat wavelength 
passband of the spectroscopic instrument must be increased in 
proportion to A* if the wavenumber passband is to remain 
constant. Thus, assuming constant dispersion, the slits, both 
entrance and exit, should have a width proportional to A*. Since 
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the radiant power transmitted by a monochromator with an 
entrance slit illuminated by a radiation source having a con¬ 
tinuous spectrum is proportional to the square of the slit width, 
the power transmitting ability of a monochromator used to 
isolate a fixed wavenumber passband would vary in proportion 
to . This dependency of power transmitted on wavelength 
would exactly cancel out the factor found in the thermal 
radiation laws. 

It should then be concluded that if a source following the 

law were used and if dispersion with respect to wavelength 
were constant, the radiant power available in a constant wave- 
number passband would be independent of wavelength. Actual 
sources do not fall off as rapidly as >r^ and actual dispersive 
systems have a dispersion, dd/dk, which varies as a fact 
that can be demonstrated by differentiation of the grating equa¬ 
tion. Dispersion will increase as a given grating is turned to 
higher angles, but at some wavelength it will be necessary to 
change to a lower order or to use a coarser grating. The 
coarser grating or the lower order will exhibit lower dispersion. 

The wavelength dependency of the minimum wavenumber 
passband as limited by the dispersion and the source output can 
be calculated from the data given by Strong [1] on the relation¬ 
ships between source brightness, dispersion, and energy limited 
spectral resolution. The figure shows the results of such 
calculations based on the assumption that the sources follow 
Planck's law. 

The obtainable spectral resolution actually falls off more 
slowly with wavelength than is indicated by these curves. 
Sources such as the Welsbach mantle and the quartz mercury 
arc which have low emissivities at wavelengths near the black- 
body maximum corresponding to their temperature tend to 
emit an intense continuous far infrared spectrum. Precise 
quantitative studies of the spectra of far infrared sources have 
not to my knowledge been made, and such investigations would 
seem a worthwhile undertaking. 

One can conclude from the above discussion of radiant 
energy sources that the blackbody fall-off does not impose an 
extremely severe limitation on far infrared spectroscopy. Even 
though thermal sources emit but a small fraction of their total 
output at far infrared wavelengths, there is ample energy for 
the limited range of wavenumbers encompassed by that spectral 
region. 



Wavelength (p) 


Minimum energy limited specoral resolution using sources Milch obey Planck’s law. 
Minimum passband can be shown to be proportional to(A/i‘7)^i Miere X Is wave¬ 
length, ris absolute teR^rature.andrs-j— th« ratio of Planck's 

law to the Raylelgh-Jeans law. 


ORDER SEPARATION 

Spectroscopy at long wavelengths is difficult because the 
atmosphere is absorbing from roughly 15 to 500 fi and because 
prisms or sharp cut-off filter systems for order separation are 
not available. The atmosphereabsorptionproblemcanbe solved 
somewhat unsatisfactorily by flushing the optical path with dry 
gas. A more satisfactory solution is the use of an evacuated 
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Wave - 
leDgth 
(M) 

Frequency 

(cni“^) 




Order 



1 

2 

3 

4 

5 

6 

5 

2000 

1 

3 

3.2 

2.7 

1.5 

0.88 

10 

1000 

1 

5.2 

11.3 

15.2 

18.1 

17.0 

30 

333 

1 

7.1 

21 

43 

72 

108 

100 

100 

1 

7.5 

24 

56 

104 

172 

00 

0 

1 

8 

27 

64 

125 

216 


instrument or a combination of flushing and double-beam 
technique. 

The low dispersive power which makes transparent mate¬ 
rials unsuitable as prisms in the far infrared is a fundamental 
property of optical materials. Materials such as NaCl and KBr 
exhibit dispersion at medium infrared wavelengths because 
short-wave electronic resonances tend to increase the re¬ 
fractive index toward the ultraviolet, and longwave electrically 
active lattice resonances tend to decrease refractive index 
toward the far infrared. This results in the well-known normal 
dispersive behavior of optical materials with refractive index 
decreasing as X increases. Far infrared wavelengths are longer 
than the wavelengths of the lattice vibrations. Thus, in this 
region there are no strong absorptions at longer wavelengths 
to pull down the refractive index. Therefore, transparent ma¬ 
terials exhibit low dispersion and relatively high refractive 
indexes in the far infrared. 

A calculation easily made from the elementary diffraction 
grating equation shows that separation of grating orders re¬ 
quires a resolving power, J? = VAX orR^v/^v, approximately 
equal to m + 1 where m is the order in which the spectrum is to 
be observed. The relatively low degree of discrimination needed 
to observe the first- or second-order spectrum can easily be 
obtained by a combination of scattering filters, transmission 
filters, reststrahlen, and negative transmission or chopper 
filters. 

It is instructive to compute what degree of attenuation of 
short-wave radiation will be necessary to eliminate false 
radiation from the grating spectrum [2]r 

On the basis of the Rayleigh-Jeans approximation to the 
blackbody cuirve, one can readily show that the energy passing 
•Discussion and the table from [2]. 
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a given geometrical exit slitincreasesasthecube of the order. 
Factors proportional to the power in the various spectral 
orders calculated for 2000®K blackbody (Planck equation) at 
several wavelengths are listed in the table. Thus, for example, 
when the first-order spectrum at 10 n is being observed with 
a 2000‘’K source, the band of second-order radiation of wave¬ 
length near 5 n admitted by the slits contains 5.2 times as much 
power as does the first-order band. The table can also be used 
to determine the power that must be expected in the over¬ 
lapping orders when higher-order spectra are of primary 
interest. For example, with third-order operation at 10 /u, the 
fourth-order (7.5 fi) spectrum would be 43/21, or twice as 
intense; fifth-order radiation at 6 ft would be 72/21, or 3.4 
times stronger than that of the third order; and so on. 

INTERFEROMETRIC FAR INFRARED 
SPECTROSCOPY 

The grating-filter methods of Rubens, Czerny, and Randall 
are still used for most of the measurements made at far in¬ 
frared wavelengths. In recent years workers in several labo¬ 
ratories have been appl 3 ring two-beam interferometric tech¬ 
niques to far infrared spectroscopy. One interferometric method 
applicable to the far infrared is Fourier transform spectrosco¬ 
py, often called the Fellgett technique because Dr. P. Fellgett 
called attention [3] to the fact that this method is better than 
the grating method of spectroscopy in that, for a given time of 
observation of a given spectral region, more energy will reach 
the detector. 

In Fourier transform spectroscopy the beam of radiant 
energy is divided into two beams, a variable path difference is 
introduced into one beam, and the beams are recombined. A 
Michelson or other type of interferometer can be used. In fact, 
Fourier transform spectroscopy in a primitive form enabled 
Michelson to investigate the fine structure of hydrogen lines 
in the late 19th century. 

Michelson analyzed his visibility (or percent modulation) 
curves using a hand cranked computer which is presently on 
exhibit at the Franklin Institute in Philadelphia. Present-day 
Fourier transform spectroscopists use the fastest digital 
computers, in at least one case feeding the output from the 
detector to a digitalizer and then directly to punch cards. Note 
that whereas Michelson recorded only the visibility of the 
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fringes, present-day workers record the intensity of the entire 
fjringe system, thus escaping the possible ambiguities that were 
discovered by Michelson and Lord Rayleigh. 

A major disadvantage of Fourier transform spectroscopy 
is the necessity of using a computer. As one worker in this 
field expresses it, it is as if a photographer had to send his 
film to the Eastman Kodak Company each time he took a picture. 
The Fourier transform method is being used in the far infra¬ 
red in the laboratories of Dr. Strong at Johns Hopkins, Dr. 
Gebbie at The National Physical Laboratory in England, and 
Dr. Gush at the University of Toronto. There are probably 
other workers unknown to the author. 

Another mode of interferometric spectroscopy is to drive 
the interferometer with a periodic "triangular-wave" motion. 
The Intensity of the radiant energy will be a periodic function 
of time and the electrical output from the detector will contain 
only the drive frequency and its harmonics. A tuned amplifier 
is used to select the desired harmonic. The infrared wave¬ 
length that gives rise to the electrical signal selected by the 
amplifier is changed by changing the amplitude of the inter¬ 
ferometer motion. A two-beam periodically driven interfero¬ 
metric system using a variable depth laminary grating in the 
Tieroth order has been used extensively both with thermal and 
microwave sources in the millimeter and submillimeter wave¬ 
length region by Dr. L. Genzel [4] at Frankfort, Germany. The 
periodic two-beam system with part of the signal rejected 
electrically will of course not have the energy advantage that 
results when the entire fringe system is recorded. 

A two-beam interferometer can be used instead of filters 
to separate the spectral orders of a diffraction grating. The 
radiant energy emerging from the exit slit of a grating mono¬ 
chromator has a spectrum consisting of a series of nearly 
monochromatic lines of frequency u, 2v, 3v,etc., where v is the 
first-order frequency. If this radiation is sent to a two-beam 
interferometer with a variable path which is increasing at a 
constant rate, each order will be modulated at a frequency 
proportional to its optical frequency. A frequency selective 
amplifier can select the desired order and reject the others. 

A two-beam interferometer consisting of a laminary grating 
of variable groove depth was constructed for grating order 
separation by the author and Dr. J. Strong at the Johns Hopkins 
University [5]. The interferometric modulationtechnique is also 
used by Dr. Genzel and by Dr. Bell at The Ohio State University. 
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The advantages of using diffraction gratings in a high or- 
der at incidence angles near 60% i.e., the use of gratings as 
echelles, have recently been demonstrated for the near and 
medium Infrared regions [6,7]. Far infrared filter systems 
lack the selectivity needed to separate grating orders higher 
than about the second. It might be possible to gain the ad¬ 
vantages of echelle use of the gratings in the far infrared using 
interference modulation for order selection. 


CRYOGENIC DETECTORS FOR THE FAR INFRARED 

Recent work with low temperature infrared detectors may 
soon lead to vast improvements in the signal-to-noise ratio 
infrared spectra and to increased spectral resolution. 
&me recently reported cryogenic detectors are the carbon 
bolometer of Boyle and Rodgers [8], the gallium doped ger¬ 
manium bolometer of Low (9], and the superconducting tin 
bolometer of Bloor and others [10,11]. 

Detectors operating at liquid helium temperatures are 
being developed which may be orders of magnitude better 
room temperature detectors such as the Golay cell. The mini¬ 
mum detectable power of such detectors used with spectrom¬ 
eters will be background limited, i.e., the unavoidable sta¬ 
tistical fluctuations in the temperature of an object coupled by 
thermal radiation to its environment may be their major source 
of noise. It will be necessary to prevent all thermal radiation 
except the signal that is intended to be detected from reaching 
the detector, for the unwanted input would both increase the 
radiation noise and raise the bolometer's temperature. A 
cooled longwave pass filter (such as a 1-mm thickness of 
crystal quartz) can prevent the thermal radiation from the 
spectrometer e^t slit jaws from reaching a far infrared de¬ 
tector. Cryogenic detectors can be more easily used in the far 
isifrared than in the region of medium wavelengths around 10 fi, 
for in that region a narrow band transmission filter at liquid 
helium temperature would be necessary to keep the room 
temperature radiation from reaching the detector. The narrow 
band filter would have-to be changed as tlie spectrum is scanned. 

A further consequence of background limited detection is 
that interference and multislit modulation systems and Fourier 
transform systems in which the detector is always irradiated 
with a large signal lose many of their advantages when they are 
used with such detectors. 
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CONCLUSIONS 


&ientific workers who wish to make far infrared spectro- 

gr^hic measurements can readily use the grating spectrometer 
wth filters to separate orders, for this method is extensively 
described m the scientific literature, and critical components 
or even the entire system can be purchased commercially. In 
contrast to infrared spectroscopy at shorter wavelengths, only 
a Mrrow wavenumber region in the far infrared can be scanned 
before filters must be changed. Variations in the background 
level which result with single-beam systems because of at¬ 
mospheric absorption and filter characteristics make it ad¬ 
visable to develop double-beam or evacuated systems. 

Interferometric far Infrared techniques are still at the 
developmental stage. 


Cryogemc detectors for the far infrared are being developed 
which should operate with much better signal-to-noise ratio 
an can be achieved using room temperature detectors. 
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THE ADVANTAGES OF INTERFERENCE 
SPECTROSCOPY OVER CONVENTIONAL 
INFRARED SPECTROSCOPY 

Sol M. Norman 

Block Associates, Inc. 

Cambridge, Massachusetts 


The interferometer spectrometer has certain advantages 
over conventional spectrometers. These include: 1000 times 
greater sensitivity, a very large entrance hole instead of slits, 
and a very rapid scan—up to 6 spectra per second. 

These advantages permit it to overcome certain current 
classes of problems in spectroscopy and also permit it to be 
used for entirely new analytical applications where spectrom¬ 
eters have not been considered feasible before. 

Let us consider how the interferometer spectrometer works. 
First, consider an acoustical analogy, where we want the fre¬ 
quency spectrum of a musical sound. TTie way we would meas¬ 
ure this would be to use a microphone which follows the 
fluctuations in the sound wave and converts it to a fluctuating 
electrical signal. This signal is then recorded on tape and fed 
into an audio frequency wave analyzer. The wave analyzer has 
a tunable electrical filter which tunes through the frequency 
spectrum and indicates the amplitude of eachfrequencypresent 
in the source. 

The interferometer spectrometer system operates in a 
similar manner with infrared radiation. In order to have a de¬ 
tector equivalent to the microphone, we would need something 
fast enough to follow the fluctuations in the light waves. Since 
infrared detectors are too slow for this, we first process the 
light through a Mlchelson Interferometer before the detector. 

The interferometer used is modified by having one of its 
mirrors mounted on a transducer. This arrangement is shown 
in Fig. 1. Light entering the interferometer is divided into two 
beams by the beamsplitter; the two beams are reflected off 
the mirrors and recombine. The pattern as seen by the de¬ 
tector is a large circular fringe. 
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Let us examine what happens to the brightness of this fringe 
as the mirror is moved (Fig. 2). Consider that we are looking 
at a monochromatic infrared source. If we consider our zero 
position to be where the variable path length is set equal to the 
fixed path, we have maximum brightness of the fringe. As the 
is moved, the brightness is reduced, reaching a mini¬ 
mum when the mirror has travelled a quarter of the source 
wavelength. As the mirror travels further, the brightness 
increases—going through successive cycles. 

If we used another monochromatic source, twice the wave¬ 
length of the first, the oscillations in brightness would occur 
half as frequently. 

If we drove the mirror with a sawtooth voltage which 
produced a linear velocity on the forward motion, the detector 
woxUd see a monochromatic source as a brightness fluctuation 
of constant frequency. The exact value of the frequency would 
depend on the source wavelength and the mirror velocity. For 
a given mirror velocity, each wavelength in the source would 
^oduce a different frequency at the detector. We merely choose 
the mirror velocity so that the frequencies produced are with¬ 
in the response capabilities of the detector. 


Brightness of 
central fringe 


Brightness of 
centrql fringe 
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The detector sees the superposition of all these frequen- 
cies~just as the microphone did with the sound frequencies. 

Now we can handle our infrared spectral information just 
as we did the sound spectrum. We can feed it directly to an 
audio wave analyzer, or we can record it on tape and play it 
through the wave analyzer at our leisure, or we can handle it 
other ways if desired. 

Let us compare the interferometer spectrometer with a 
conventional instrument to see how it achieves its gain in 
sensitivity (Fig. 3). The conventional instrument uses an en¬ 
trance slit, a dispersive element, and an exit slit. The entrance 
slit immediately limits the amount of light which can be ac¬ 
cepted by the instrument. Also, the light whichdoes go into the 
instrument is spread out into a spectrum which is scanned by 
the exit slit. The detector sees only one wavelength at a time. 

In the interferometer spectrometer, however, there is a 
large entrance hole—much larger than the slit in the con¬ 
ventional instrument—so that much more light can be accepted 
by it, typically 50 to 100 times as much. Also, the light that 
does enter is used more efficiently. Instead of looking at only 
one wavelength at a time, the detector sees all wavelengths 
simultaneously. For the same scan time and same number of 
resolution elements, say 400, for example, each wavelength in 
the interferometer is seen by the detector 400 times longer 
than in the conventional instrument. For infrared detectors, 
this will improve sensitivity by the square root of 400, or a 
factor of 20. 

The combination of a larger aperture and more efficient 
use of scan time results in an over-all advantage of approxi¬ 
mately 1000 in sensitivity. 

The instrument's ruggedness and reliability stem from its 
simple construction—it has only one moving part suspended on 
flexing springs. There are no wearing suTfaces anywhere in 
the instrument. 
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The scan rate is established by the electronic drive cir¬ 
cuitry to the transducer; this requires no gear changes or other 
troublesome operations—just the changing of a selector switch 
position. Also there is no order sorting problem, since the 
output frequencies are not ambiguous. 

The nature of the instrument output offers many interesting 
possibilities. Instead of being limited to a piece of chart paper, 
it can be presented in a number of ways. 

We can use a multiple filter wave analyzer that presents 
the complete spectrum on the face of an oscilloscope at a rate 
up to 6 times per second. With this we can watch rapid changes 
taking place in a process. 

Or, if we are interested in what is happening at only two 
or three wavelengths, we can use fixed electrical filters con¬ 
nected in parallel with the output of the instrument and monitor 
these wavelengths, or ratios between them, continuously on a 
meter. This is much simpler than running off individual sheets 
of spectra and then comparing them by hand. 

Or, if we desire a chart, we can record several spectra on 
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a tape loop and play it back through a wave analyzer and re¬ 
corder, which will draw out the spectrum. 

Also if one is interested in storing, cataloging, and com¬ 
paring large numbers of spectra, these can be stored on tape 
and processed electronically to obtain the desired information. 

The first uses for the rapid scan interferometer spectrom¬ 
eter were in military and geophysical applications. These 
included a variety of classified emission measurement prob¬ 
lems and use under severe environmental conditions. An in¬ 
terferometer spectrometer designed for a space vehicle ap¬ 
plication is the world’s smallest infrared spectrometer—only 
1 in. diam, x 5 in. long, >^th an electronics control unit 4x 
8 X 1 in. 

The interferometer spectrometer has only recently be¬ 
come available for commercial applications. Typical spectra 
obtained with the instrument are shown in Figs. 4 and 5, which 
show polystyrene in absorption and the reaction zones about a 
candle flame. Although it is not shown here, we have obtained 
the emission spectrum of a hand held in front of the instrument, 
as well as emission spectrum of polyethylene which had been 
warmed to about 100®F. 

Promising applications for this instrument include analysis 
of emission from films, control of pilot plant processes such 
as orientation in films, analysis of furnace gases during opera¬ 
tion, study of kinetics of chemical reactions, emission from 
fluorescent materials such as laser glasses, microspectrosco¬ 
py, reststrahlen spectroscopy, differential absorbance meas¬ 
urements such as for aqueous solutions, and use with gas 
chromatography systems. 

The interferometer spectrometer, because of its high sen¬ 
sitivity, rapid scan, small size, and ruggedness, offers many 
new possible applications. It is a challenge to spectroscopists 
as well as to us to make use of these advantages. 
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OBSERVATIONS 

The time response of an InSb PEM Photodetector * [1] was 
recently observed to be approximately 18 nsec [2] by means of 
a new type nanosecond light source [3], This response is con¬ 
siderably faster than that claimed by the producer and agrees 
with predictions derived from steady-state investigations [4]. 
Spectral measurements with the PEM show a slower decay in 
the infrared which is possibly the result of a slower IR decay 
of the detector but may also result from an IR tail of the light 
pulse, a possibility which has not yet been confirmed (see 
Fig. 1). 

True rise times cannot be measured accurately because 
the obseirved rise times are so fast (? 2.5 nsec) that they are 
comparable to the rise of the light pulse. On the other hand, 
observed rise times also depend on the length of the light pulse, 
as will be explained later. 

Studies comparing this PEM with PC cells of fast geometry 
(linetype) prove the PC to be less sensitiveat comparable time 
response—which can be regulated by doping [4]. The experi¬ 
ments show that the rise time of PC always is slower than that 
of the PEM even when the decay is faster; this indicates, on 
the other hand, that the observed rise apparently is not circuit 
limited. The results are presented in Fig. 2. 

DEDUCTIONS 

Figure 3 explains the mechanism of the PEM (Photo- 
Electro-Magnetic) and PC (Photo-Conductive) detectors. The 

^Manufactured by MinneapoUs-HoneyweU. 
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Fig. 1. Decay dmes of tbe InSb PBM detector con^ared with the light pulse as ob¬ 
served with the RCA 93S photodiode. 


incident Ught produces electron—hole pairs which diffuse into 
the interior. Electrons and holes are bent in opposite directions 
by an external magnetic field in the PEM detector. Either a net 
voltage or a current results, depending on connection to an ex¬ 
ternal circuit. In the case of the PC detector the carriers are 
moved by an external electric field, thus producing a current, 
^^sponse of the PC Photodetector is determined by the 
volume lifetime r exclusively because the PC current presents 
the sum of all free carriers; it is assumed that the surface 
recoi^ination velocity is small and that the volume recom¬ 
bination is not due to electron trapping. This is generally 
accepted for the InSb at room temperatures. 

The PEM photocurrent, however, is proportional to the 
difference of the carrier density at front and backside, and 
thus depends not only on r but also on the thickness d of the 
detector—since d affects the carrier difference due to possible 
reflections from the backside. This effect shows up in ampli- 
tude [1], decay, and rise when the thickness comes close to the 
diffusion length I »(Dr)^, where D is the ambipolar diffusion 
constant. As a result the response time of the PEM can be 
shorter with equal volume lifetime r; this goes so far that in 
one case the decay of the PC was considerably faster (due to 




NANOSECOND TIME RESPONSES OF InSb 


31 




P C ^2 (Highly eloped) 

Scale* Snsec/major div, 
10-90% Rleetime* 3.2 nsec 
Half width » 17 n sec 



PEM 

Scale«5n sec/major dlv. 
10-90% Risetime* 2.3nsec 
Half width* 25 n sec 


Fig. 2. Time functions of PEM and PC detectors as observed by Lumatron-Sam- 
pling-Scope (rise time ~0.3 nsec). 

different doping) than that of a PEM and still had a longer rise 
time (see Fig. 2). 

However, observed rise times of the PC and PEM are only 
partly a detector property since they depend on the duration of 
the incident light pulse when the light pulse is shorter or com¬ 
parable to the volume lifetime. 
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B = Magnetic Induction 
E = Electric Field-strength 


Fig* 3. Schexnatlc diagram of the 
PC and PEM effect 


A shorter light pulse not saturating the detector results in 
an apparent faster rise of the photocurrent; however, the 
ampUtude is decreased in comparison to that resulting from a 
lonpr Ught pulse. This decrease of the amplitude is stronger 
with the PC than with the PEM because the PEM is generally 
faster and consequently reaches a certain percentage of its 
sanation level earlier. A detailed theoretical study will be 
published separately. 


AMPLITUDES 

Actual signals as produced by the combination of light 
source and PEM are given in the table. Froroi these values 
some judgment of the potential for various spectroscopic ap- 
pUcations may be derived; however, detailed knowledge of noise 
leveled its origin will be reqmred for adequate analysis. 

The PEM itself (~aOohm) is assumed to be "Johnson" noise 
Ilmlt^ B.]. This may not be of much significance for some Vinfi 
of single" pulse nanosecond spectroscopy where more serious 
noise sources including electric pickups have to be considered. 
On the other hand, high repetition pulse rates exceeding 10^ per 
sec, which are possibly due to negligible erosion of the elec¬ 
trodes, permit application of sensitive pulse-inteeratlne 
systems. e © 


Single Pulse Signals as Received through Various Spectral 

Filters* 


Filter 

No filter 

Wratten 4 

Wratten 26 

Irtran 2 

Range (n) 

- 

> 0.46 

>0.61 

> 1.5 

Amplitude (mv) 

760 

490 

430 

< 200 

♦Measurements cf spectral 

source emlttances are under 

way. 
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The light of the SM 4 [3] is focused by means of a Ploetz 
clamshell surface mirror system [5] of small / number, i.e., 
large solid angle. The signal from the PEM is fed into a 1-m, 
50-ohm cable, terminated at the scope end and connected into 
a Tektronix 585 which has adequate band width to record true 
maximum amplitudes; the half-width of this particular light 
pulse ~ 7 nsec. 


SUMMARY 

Nanosecond time responses of PEM and PC indium anti- 
monide detectors as determined by means of a new light source 
promise considerable interest for nanosecond infrared spec¬ 
troscopy—such as flash photolysis, for example. Light output 
and cell sensitivity are adequate. Until now, this combination 
of an ultrafast light source and aninfrared detector very nearly 
as fast has not been available. 
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A DOUBLE-BEAM AUTOMATIC PRISM-GRATING 
INFRARED RECORDING SPECTROPHOTOMETER 

Martin H. Gurley m and Edward Merrill 

Baird-Atomic, Inc. 

Cambridge, Massachusetts 


The Baird-Atomic Model NK-3 prism-grating infrared 
spectrophotometer described in this report provides rapid and 
accurate quantitative analysis. By adding a grating mono¬ 
chromator to the basic NK-1 spectrophotometer, greater reso¬ 
lution has been provided, while retaining the simplicity and 
ease of operation inherent in all Baird-Atomic infrared in¬ 
struments. 

On the NK-3, spectra is presented on a strip chart re¬ 
corder with no breaks or overlap, A pen on the margin marks 
the frequency intervals and a frequency indicator on the in¬ 
strument rotating with the cams gives a continuous frequency 
reading. By employing the variable scan speed of the instru¬ 
ment and speed changes in the recorder, a variety of spectra 
presentations are available. 

The unbroken spectra presentation is achieved by a simple, 
yet functional indexing mechanism. (Figure 1 illustrates the 
electrical block diagram.) The region covered is from 5000 
cm“^ {2.Q(i) to 400 cm’^ (25^) with change points at 2500, 1250, 
and 700 cm . These portions of the spectra are covered using 
two gratings, L50 lines/mm and 40 lines/mm, each in two 
orders. 

This unique indexing mechanism (Fig. 2) consists of a 
clutch and reversible motor combination to rotate the grating, 
an AC solenoid (index solenoid) which locks the cam follower 
to the grating shaft, and a latching relay which operates these 
components. There also are two slotted drums with movable 
actuators which operate the indexing micro switches. The 
operation of the indexing mechanism is straightforward. As 
the scan approaches an index point, two of the index switches 
in series close. This action operates the latching relay. The 
latching relay in turn simultaneously operates the index 
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solenoid, which releases the cam follower from the grating 
shaft, actuates the motor clutch combination to rotate the 
grating to a new position or shifts gratings, stops the scan 
drive, operates the pen lift, and stops the chart drive. As the 
grating moves to the new position, the switch on the grating 
mount releases. 

At the proper location for the grating to start the next 
segment, this switch operates again, causing the latching relay 
to operate. This operation of the latching relay simultaneously 
releases the index solenoid, stops the motor-clutch combination, 
starts the scan drive, drops the pen on the chart, and starts 
the chart drive. This process is repeated at each index point 
and at the end of the scan. 

The instrument is a double-beam dual monochromator 
type using the optical null principle. The optical system is 
that of the basic NK-1 with a modified Czemy-Tumer mono¬ 
chromator* at the NK-l's exit slit (Fig. 3). The basic NK-1 
optics consist of a photometer section containing the source 
(a globar), source mirrors, sample areas and interrupter 
(chopper), a prism monochromator with a KBr prism which is 
used for order sorting, and the detector optics. 

•See H. Czemy and A. F. Turner, Z. Physik 61. 792 (1940). 
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In Fig. 3, the NK-1 exit slit now becomes an intermediate 
slit in this arrangement. Therefore, the small 45® mirror 
previously located at the exit slit has been removed and the 
beam travels to the first 45® mirror (entrance) in the grating 
monochromator. From there it goes to the 85-cm focal length 
collimator mirror, then to the grating, and back to the 100-cm 
focal length refocusing mirror. From this point it goes to the 
second 45® mirror (exit) and to the new exit slit which is on an 
extension from the intermediate slit. A 45° mirror behind the 
exit slit then directs the beam to the receiving mirror and 
bolometer. 

The modified NK-1 serves as photometer and order-sorter. 
A KBr prism is used as a fore prism with the exit slit of the 
prism monochromator functioning as an intermediate slit. The 
prism-grating instrument gives approximately 1 cm"*^ reso¬ 
lution throughout in a normal scan which takes approximately 
20 minutes. The instrument is capable of much greater reso¬ 
lution, 0.25 cm*"^ at 950 cm"^, under more stringent operating 
conditions. It also is. adaptable to other frequency ranges and 
operating modes, using other prism and grating combinations. 

The NK-3 uses two gratings, a 150 line/mm blazed at Sfi 
and a 40 line/mm blazed at 22.5 fi. Each grating is used in two 
orders. By rotating one grating in one direction and the other 
in the opposite it is possible to ”fold" the cam, i.e., it rises 
as the two orders of the 150 line/mm grating are scanned and 
falls as the two orders of the 40 line/mm grating are scanned. 
This tends to reduce the tracking error of the follower and 
keeps the cam at a more manageable size. 

At the present time the NK-3 covers the range from 5000 
to 400 cm“S but interchange is possible using different grating- 
prism combinations. All the accessories available for the NK-1 
may also be employed with the NK-3. 



RUBY OPTICAL MASER AS A RAMAN SOURCE * 
S. P, S. Porto and D. L. Wood 

Bell Telephone Laboratories, Inc. 

Murray Hill, New Jersey 


A succ6ssful Ram3.n source must have high radiance, strict 
monochromaticity, and a frequency for which the sample is not 
opaque. The ruby optical maser has from its first demon¬ 
stration been an obvious possibility for this purpose. This 
report describes the successful use of this device for exciting 
Raman spectra. 

"Uie ruby optical maser has been described elsewhere |1], 
and it suffices to describe our particular equipment using the 
schematic diagram of Fig. 1. The exciting lamp (L) was a 
G.E. No. FT524 Xenon flash lamp with an American Speedlight 
Company condenser bank, charging supply, and lamp housing. 
The ruby rod (R) of 0.05^ Cr concentration was obtained from 
the Linde Company, and the ends were polished flat to about 
k fringe and parallel to about 30 sec of arc. One end of the rod 
was coated with an opaque silver layer, but the other end had 
a silver coating of about 25^ reflectance. This permitted the 
total emitted light flux to be as large as possible at the ex¬ 
pense of some directionality. A pyrex tube (T) surrounded the 
ruby rod so that a flow of gas could pass over the rod for cool¬ 
ing as indicated in Fig. 1. 

The slightly divergent light beam from the end of the ruby 
rod was focused with a lens (Li) to a spot several millimeters 
in diameter on the surface of the pyrex Raman cell. The 
radiation entering the cell was diffusely reflected many times 
through the sample by a coating of white BaS 04 deposited on 
the surface of the cell. The scattered light from the cell was 
collected by a lens (Lj) and brought to a focus on the slit of a 
Mgh aperture spectrograph built after the design of Bass and 
Kessler [2]. The maser was operated about three times a 
minute with a flash energy of about 3000 joules producing 
flashes having a total duration of about 1 msec. The exposures 

♦Published in J. Opt. Soc. Am. 52, 251 (1962), 
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Fig. L Bj^erimental arrangement. SPECTROGRAPH 


were recorded on Eastman 35 mm typelNspectrographic film, 
and each exposure involved from one to one hundred flashes, 
depending on the experiment. 

The key features of this experimental arrangement which 
we believe are especially important for the successful ob¬ 
servation of Raman lines are: (1) low reflectance on the output 
end of the ruby rod; (2) the fast spectrograph; (3) the BaS 04 
diffuse-reflection coating of the Raman cell. 

The spectrograms which were first recorded with this 
equipment showed many other lines besides the Raman lines. 
These are shown in the spectrograms of Fig. 2. At the top in 
the figure (a) is the pure fluorescence spectrum of ruby, 
showing at E the Rj line at 14,400 used for Raman excitation. 
There are lattice bands (F) between 14,400 cm“^ and 13,670 
cm“S and a strong one at 12,930 cm"^. These features are 
present in the spectrum at (b) in Fig. 2 and in the spectrum of 
the empty cell. In addition to the fluorescence, there are seven 
lines due to Xe in the exciting lamp of the maser. The line G 
is due to a grating ghost from the 14,400 cm”^ exciting line 
(E). An unfortunate reflection R is also present in the middle 
spectrogram of Fig. 2. Since these lines from the empty cell 
all come from the maser source, we have been able to eliminate 
them to some extent byusingasecond-orderinterference filter 
having peak transmission at the wavelength of the maser. 

A better method for reducing unwanted lines in the spectrum 
from the ruby maser depends on the fact that the maser light 
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is highly directional, while the fluorescent radiation is not 

the Raman cell is located a considerable distance L our ed 

periment about 150 cm) from the maser rod there will 1 
radiation diverges into a large solid angle and is there! 

5011as™sff armfS?”!! 

fsoff-i '=«5.and 1606 cm“' 

3050 cm line was not observed because of the drastic loss i 

Quenf Jf "■' “ «*«'> tf Tow 

Sfaaf iTZ n “Porimoot because' 

f^1~acLf‘r"* fro- theSltouS' 

ruby crystal placed between the Raman cell and the specfro 


obtained b^VirctalThe'rur^^^ picmre'of C J 

ing: (c) Ae Ramfn effect ore H oh^in fu4 

light. * “ obtained by an effective filtering of die mas- 
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graph to reduce the intensity of the exciting line. It is neces¬ 
sary, however, to match the temperature of the filter crystal 
to that of the maser rod since there is a relatively large shift 
in frequency with temperature [3] of the maser line and the 
corresponding ruby absorption line [4]. It is, incidentally, also 
necessary to keep the temperature of the maser rod constant 
during the many flashes that go to make up a single exposure, 
since the Raman lines will also shift with the exciting line. It 
is worth noting in this respect that below 77“K the shift of 
frequency with temperature is very small and immersion of 
the ruby rod in liquid nitrogen would provide better frequency 
control than the gas-flow cooling. 

Figure 3 shows the Raman effect of both CCI 4 and CeHg 
with a Ne reference spectrum. They were taken with the im¬ 
provements indicated above and by placing an absorber just in 
front of the photographic plate so as to absorb the Rayleigh- 
scattered maser light. 

Even though we have successfully demonstrated that the 
ruby maser will work as a Raman source, it is not in its present 
form so very much better than other sources of red exciting 
lines. We are aware, however, that many improvements may be 
made in the experiment, after which this may indeed be a very 
important Raman source. The first such improvement would 
be to use a flash lamp having higher luminous flux and longer 
flash duration for exciting the ruby rod in the maser. There 
are many possibilities to be evaluated here. The second im¬ 
provement might be in sample geometry to produce more 
efficient excitation. For example, we have tried making the 
second Fabry-Perot plate of the maser cavity highly reflecting 
and removing it from the end of the ruby rod to form the rear 
surface of the Raman cell. The maser light then traverses the 
sample once for each reflection within the mode-selection 
cavity. If the reflectance is high and as many as ten reflections 
occur, there is a corresponding increase in the probability for 
occurrence of the two-photon Raman process. The third im¬ 
provement is obvious when it becomes feasible to pump the 
ruby maser continuously, for then it will be possible to make 
much longer exposures than we have used here, but still of the 
order of seconds’ duration. This will be a very important 
Raman source, indeed, and calculation shows that the radiant 
flux required for continuous pumping is not by any means 
impossibly large and the continuously pumped ruby maser is 
surely feasible. 
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Tf^'l s' Obtained by using the maser at a distance 

of 1,5 m from the cell and by reabsorbing the maser light in front of the plate. 


It hardly needs to be pointed out that this intense, truly 
monochromatic Raman source at 6940 A in the red is very 
desirable for studying the vibrations of molecules of ab¬ 
sorbing substances, of fluorescing materials, and for low lying 
frequencies. It is also possible that studies of the coherent 
Raman effect may also be possible, though this has yet to be 
demonstrated. 
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RAMAN AND INFRARED SPECTRA OF THE 
DICYANAMIDE ION 

Alfred J. Perkins 

University of Illinois 
Chicago, Illinois 


The dicyanamide or dicyanimide ion (N*C—N—C“N)“ is 
isoelectronic with carbon suboxide and therefore might exist 

in a linear resonance form (N“=C=N=C=N~) having the same 
double bond array as the latter. A comparison of the infrared 
with Raman spectra should show at once whether this ion is 
linear or bent, since the linear form would have a center of 
S 3 nnmetry and there would therefore be no coincidence in ab¬ 
sorption between the two types of spectra. 

The IR spectrum of this ion has been investigated at the 
American Cyanamide Corporation laboratories [1], and since 
this work was completed, Kuhn and Mecke [2] have reported 
the IR spectra in the NaCl and KBr regions of a number of 
salts. Since quite low values for bending frequencies for nitrile 
compounds have been reported [4-6], and the Raman spectra of 
a solution of the sodium salt showed indications of a broad 
line at 170 cm"^, the infrared measurements were carried out 
to 100 cm“^ on the instrument at MIT built by Lord and 
McCubbin [7]. 

EXPERIMENTAL 

Sodium dicyanamide was the principal salt used in this in¬ 
vestigation. Two samples were prepared; one from sodium 
cyanamide and cyanogen bromide according to the method of 
Madelung and Kern [8] and the other from zinc dicyanamide 
kindly supplied by the American Cyanamide Corporation. The 
spectra of the two samples were identical. 

Infrared spectra in the CaF 2 , NaCl, and KBr regions were 
run on a Baird Associates Model A double-beam instrument 
using both nujol mulls and KBr pellets. For the spectra at fre¬ 
quencies below 425 cm“^ the sodium dicyanamide was dis¬ 
persed in polyethylene. 
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The Raman spectra were obtained using two Instruments: 
the photographic grating instrument at MIT similar to the one’ 
designed by Lord and Miller [9]; and the Cary-81 at Argonne 
Laboratory, through the courtesy of Dr, J. Ferraro. Polariza¬ 
tion measurements were made with each instrument. An ex¬ 
tremely weak displacement at 545 cm"! from the exciting line 
was found on the Cary instrument which did not show up in the 
photographic work, although long exposures were used. Spectra 
of the solid sodium and barium salts also were obtained on the 
Raman instrument at Argonne using the technique of Ferraro 
etal, [10], 


RESULTS 

The results of this experimental work are shown in Table I. 
The IR data agree very closely with that of Kuhn and Mecke 
[2], Note that there are six coincidences between the Raman 
and infrared, four ofthe lines being strong and polarized. These 
coincidences tell us at once that the ion is not linear and leads 
to a configuration as the only possibility since aCj^ structure 
would have a center of symmetry and thus no coincidences 
between Raman and IR. For a 5-atom ion of this form, group 
Aeoity predicts 4 vibrations of species A^, 2 stretc hing and 2 
ending, all active in both IRand Raman, the Raman lines being 
polarized; one out-of-plane bending vibration of species Aj, 
Raman active only; one out-of-plane bending vibration of spe¬ 
cies B ,, active in both spectra; and 3 vibrations of species , 
2 asymmetric stretches and one asymmetric bending all 
active in both types of spectra. 

The assignment of the observed frequencies to the A spe¬ 
cies is apparent on the basis ofthe Raman polarization data. 
Also, the Bj stretching frequencies must be at 2174 cm"^ and 
1340 cm- . This emphasizes the usefulness of Raman spectra 
m making assignments since Kuhn and Mecke [2], without the 
benefit of Raman dam, assigned the 2232 cm"^ frequency to the 
Ba mode on the basis that the asymmetric vibration is usually 
of higher frequency than the symmetric one. Here this is not 
the case. Note also the wide separation of v. and v. and their 
very strong combination tone. 

The assignment of the lines at 517,526, and 544 cm"! to the 
other 3 bending vibrations is not straightforward. Had it been 
possible to get vapor state spectra, band contours would have 
e ped. However, free dicyanamide polymerizes at once to 
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TABLE I 

Vibrational Spectrum of N(CN)J Ion 


Raman Infrared 


2 M soln. 

Na salt, 

Ba salt, 

Na salt 

Pb’ + 


Assign¬ 


solid 

solid 


salt 

salt 

ment 



160 





170 pol 

196 

206 

196 s 


461 

V4(Ai) 





496 

495 





517 s 

504 

514 





526 s 

528 

527 


545 



544 m 

545 

545 







654 


669 pol 

671 

670 

664 s 

687 

662 

V3 (4i) 





920 

916 


927 pol 

937 

940 

931m 

932 

938 

va (Ai) 




1034 vw 


1308 





1340 s 

1349 

1335 

vgC^a) 






1398 





1430 vw 

2120 



2175 dep 


2160 

2174 vs 

2170 

2180 

V 7 (Ba) 

2221 pol 

2225 

2225 

2232 vs 

2220 

2290 

vi (Aj) 




2283 vs 

2280 


va + vg 


2740 vi + 517 

3058 

3215 

3546 vi + Vs 


dicyandiamide and at least at present cannot be stabilized. The 
difficulty is due to the fact that there are too many lines in the 
infrared spectrum. Some help can be obtained from combination 
bands. The very weak 1034 cm“* absorption, which is 2 x517, 
could be 2vs (242 =■ ^i) • However, the very weak lines at 1430 
and 2740 cm"^ are apparently combination tones of the 517 fre¬ 
quency with symmetric species. Thus, the 517 cm”^ band should 
not be Vs aSi4i xAj -Aj is not supposed to occur. This argument 
is weakened, however, since vj itself apparently is present 
because of a decrease in symmetry due to the state of aggre¬ 
gation. On this basis, then, the 517 cm“^line is either v, (fl,) or 

V, (Bj). 
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z 


..V 



03 - 120* 


To tiy to identify these 3 vibrations and obtain some meas¬ 
ure of the binding force between the carbon and the central 
nitrogen, a normal coordinate analysis was carried out. The 
arrangement of atoms used in the calculations is shown in the 
figure. The x axis is taken perpendicular to the plane of the 
ion. The bond distances were taken from a recent paper by 
Miller et al. [11], and are based on a microwave study of 
cyanamide and dimethyl cyanamide. They agree well with values 
calculated from the bond orders of Davies and Jones [12] for 
cyanamide. The angle between the C-N-C bonds is taken as 
120". This assumes sp* hybridization on the central N atom, 
the electrons in the fourth orbital takingpart in n bonding reso- 
nanceoi delocalization with the n cloud of the nitrile group. 

The symmetry coordinates for this shape of the ion are 
shown in Table II. Here the a' indicates out-of-plane bending 
about the N-C-N angle. From these coordinates the G matrix 
el^ements were developed. Those for the A, and a, species are 
shown in Table III, those for the B, and Bj species in Table IV. 

A full quadratic potential function was assumed since the 
spacing of the various groups of lines indicated considerable 

^ matrix elements used is shown 

in Table V. 

In carrying out the numerical 


computations the nitrile 
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TABLE II 

Symmetry Coordinates 
(X axis perpendicular to molecular plane) 

A] species species 


Si =-^Ari2 +Ar4s) 


r(Ao2 + Aa4) 


S2 = -^Ar 23 + Argg) 

B 2 species 

S3 = ^(^2 ^ 4 ) 

5? = ~ ^ 4 s) 

S4 = AfZ3 

'?8 = " ^^34) 

A2 species 

S 9 = “^(Aa 2 " ^4) 

V 2 

5s = •-j^(Aa2 “ Aa4) 


frequencies were factored out by Wilson's method, thus re¬ 
ducing the FCf matrix of the Ai species to a 3 x 3 and that of the 
B 3 species to a 2 x 2. It was further assumed that the force 
constants for the out-of-plane bending modes were equal to 
those for the in-plane modes, i.e., that Fgg^Fgg andF 3 j = Fgg. 


Wlien an F,s obtained by assigning the 517 cm“^ to was used 
to calculate Fg, and Pgj using as either 526 cm"^ or 544 cm“^ 
no real solution to the equations could be obtained. This is 
partial confirmation of the previous analysis that the 517 cm"^ 
line should be either ug or For yg = 526 cm"^, a real solution 
for Fgg and Fg, could be obtained only when was assigned to 
the 517 cm"* line. Fon/g =544 cm"*, real solutions could be 
obtained for = 517 cm"* or 526 cm"*. In each of these cases 
Fg, came out to be 7.5 ± 0.05 md/A, a value about halfway be¬ 
tween those quoted for a C—N single bond and a C—N double 
bond. 

The next step in the calculation was to use these values of 
Fgj - F 23 and the corresponding value of F 33 - Fggto determine the 
force constants of the A, species. In this connection, Thompson 
and Linnett [14] showed that for the type of resonance probably 
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TABLE m 
G Matrix Elements 


Ai species 


®ii “ Ml + /ia 


^22 = Ma + 2jLt3 cos^ — 


^3 ="2" + 


^12 frl2 + *23) 

2 

®+4 =— + 2/13 Sin* 

Toa > 2/ 


1 2 a, 

2 M2 + — ^'3 Sin*—- 




^12 ~ “ /^2 
^13 = ^^14 = 0 


r ^3 
^3 --COS a3 

*23 


G24 = - 




-jXj sin 03 


334=-V?(- 


M2 


*23 (**12 +* 23 ) 


4' 


Sin 


'x) 


^2 species 



+ 


/*2 

frl2 ■*‘*’23)^ 
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TABLE IV 
G Matrix Elements 


Bi species 


G66 


Ml ^ ^ 2/13 

*■12 (‘‘12 +'’ 23 )* fjs 


B 2 species 


G77 = ILI + {I2 


= /^2 + 2/X3 sin^ Y 




Ml M2 2/13 2 “3 

+-- +—r- COS'* — 

'’12 (''l2+f23) *"23 2 


G78 = “ M2 


G„=0 


^89 


ill 

'■23 


sin a 3 


occurring here, F 21 should be greater than Fjj, i.e., f, 23 r 34 should 
be positive. Only for the assignment 1 / 9 = 517 cm"S i>6= 526 cm"^ 
and Us = 544 cm”^ could reasonable values of both F 22 and F 44 be 
obtained. The other two possible assignments yielded values of 
below 0.2 for all reasonable F 22 values. 

A set of force constants that will reproduce the frequencies 
and which seem reasonable are given in Table VI. Since two 
more force constants than frequencies were used, these num¬ 
bers are not a unique solution. However, cannot be changed 
much without either making the interaction constants much too 
large or F 44 much too small. 
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TABLE V 
/’'Matrix Elements 


ALFRED J. PERKINS 


Aj species species 


“ ^*’12 ^'■12^45 

^66 == + jf ®2 

= 4,2 rjg 

B 2 species 

K.1 

Oe 

il 

nP 

^77 = 4,2 - 4,2 r4s 

/^2J = 4j 3 + 4Br3, 

^7* “ 4i2r23 

/^23 “ '■(423 c^) 

F 79 = 

^24 = *V^^r23 0 ^ 

^88 = ^153 “ ^r23r34 

^33 “ ^^(fo2 

^89 “ '■^r23«^ 

/’■34=r*V2fc^n, 

F 99 = — ^0.20.^ 

^44 = 


i 42 species 



^SS ~ *' (fii 2 ^*2^4) 

TABLE VI 

Force Constants* Based on 
Vs = 544, vs= 526,andi/9= 517 

F 22 = 8.29 Fss = 0.614 

F 33 = 0.882 Fgg = 0.505 

Fu = 2.41 Fgg = 7.62 

F 33 = 0.505 Fg, = 0.882 

Fj4=-0.422 F 99 -0.614 

F 44 ° 0.919 _ 

*Fj 2 and Fgg are in md/A; F22. F24. 
and Fgg are in md/rad; F33, F34,F44, 
^ 5 S» ^66 aod Fgj are in md/rad^. 
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Professor R. C. Lord, Jr., during the author's sabbatical leave. 
The later Raman spectra of solutions and solids were obtained 
through the courtesy of Dr. John Ferraro of Argonne National 
Laboratory, Argonne, Illinois. 
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INTRODUCTION 

With the availability of the deuterated form of trans-C 2 H 2 l 2 , 
it was decided to examine the vibrational spectrum of trans- 
C 2 D 2 I 2 and thereby obtain a more complete assignment of the 
vibrational frequencies of the trans-diiodoethylenes. The only 
previous spectral work done on the cis- andtrans-diiodoethyl- 
enes^ was by Miller et al. [ 1 ], Since their Raman spectrum was 
obtained with a low resolution spectrograph, the Raman and 
Infrared spectra of the trans-C 2 H 2 l 2 were also reinvestigated. 

The rotational isomers cis- and trans-C 2 H 2 l 2 are shown in 
the figure. Trans-C 2 H 2 I 2 belongs to the point group c^j,. Six 
fundamentals are allowed in the Raman, but not in the infrared; 
of these, five are of the a, type and one of the b, type. The re¬ 
maining six fundamentals, two of the a„ and four of the b„ types, 
are allowed in the Infrared, but not in the Raman. 


EXPERIMENTAL PROCEDURES 

The Raman spectra of trans-C 2 H 2 l 2 and trans-C 2 D 2[2 were 
obtained in solutions of CCI 4 and CS 2 , using a two-prism Hilger 
spectrometer with a dispersion reciprocal of 16 A/mm at 
4358 A. Two air-cooled pyrex mercury arcs were used to 
Illuminate the Raman tube. The 4358 A mercury line was 
isolated by using a solution of rhodamine 5 G DN-Extra and 
paranitrotoluene in ethyl alcohol [ 2 ]. 

^ Since trans-C 2 H 2 l 2 andtrans-C 2 D 2 l 2 quicklydecomposewhen 
irradiated with light from the mercury arcs, the samples were 
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Rotational isomers 
els- and trans-CzHzIz* 


changed eveiy 30 minutes in the 0.5- to 16-hour Raman ex¬ 
posures. In addition, a few drops of pinene (CioHm) were added 
to the samples to remove iodine as it was formed. The de¬ 
polarization ratios were obtained by Inserting a split-field 
Polaroid between the Raman tube and the slit of the spectro¬ 
graph, and then measuring the intensities of the two com¬ 
ponents of the Raman spectrum. A Leeds and Northrup micro¬ 
photometer was used in intensity determinations. 

The infrared spectra of trans-C 2 H 2 l 2 and trans-C 2 D 2 l 2 were 
obtained in the range of 400-4000 cm"^ with a Perkin-Elmer 
Model 21 double-beam infrared spectrophotometer, equipped 
with CaF 2 and NaCl optics; and a Beckman IR -2 spectropho¬ 
tometer equipped with KBr optics. As in obtaining the Raman 
spectra, solutions of trans-C 2 H 2 l 2 and trans-C 2 D 2 l 2 in CCI 4 and 
CS 2 were used in obtaining the infrared spectra. 

RESULTS 

Table I contains the observed Raman and infrared spectral 
data of trans-C 2 H 2 l 2 . In the first column are the Raman dis¬ 
placements (Aa) in cm"‘; in the second column are the semi- 
quantitative relative intensities, in which the strongest line was 
given a value of 1000 ; in the third column are the depolarization 
ratios (/>); and in the fourth coliunn are the polarization states 
(PS). The fifth and seventh columns contain the infrared wave- 
numbers in cm"^ The intensities listed in columns six and 
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TABLE I 

Raman and Infrared Spectral Data and Assignments 
for trans-CjHjIj* 


Raman 


Infrared 


I p PS (CCI 4 ) le 
154 1000 0.22 P 


555 3 0(44 P 

594 11 0.79 

667 186 0.29 P 


a 

(CS 2 ) 


Tentative 

theoretical 

assignment 


Type 


' lest 
iset 


705 


5 0,84 D 


1174 6 0,74 P 

1230 229 0.26 P 

1329 6 0.64 P 

1642 6 0.62 P 


499 

ww 

499 

vvw 

504 





551 

587 

s 

58S 

s 






593 

694 

wv 

694 

vvw 

699 

740 

vw 

740 

vw 

740 

784 

w 

783 

w 

779 



855 

vw 

853 

912 

vs 

908 

vs 


1057 

m 

1053 

m 

1064 

1129 

vs 

1126 

vs 






1172 

1229 

m 

1226 

m 

1224 


07 Qa 

O12 
CJ 4 - O 7 

®8"<J5 ^g 

Co8"05)-07 Ag 

04 

(04 + Oi2)-05 

Og bg 

Qs + Oii B^ 

(Oi0-Ox2)-O7 

O4+O12 Ba 

^5+ Oq Alt 

K 

2au Ag 

Zag-oij Bu 

03 a 

204 Ag 

02 ag 

06+Og Bu 

04 + 010 Bu 

03+ 0^1 Bo 

+ OlO ^U 

09 bti 

Oi ag 

O4 + O9 B„ 

Og + 09 


numter Incm-i; Ig^estlinatedr^ttro ‘^Po'arlzed); o=wave- 

calculated wavenuinlier In cm-i tensity (s» strong, msnieditsn, v= very); 
tDeduced from comJblnatlons. 

fundamentals was 

knowledge of dt. po'sltton of ^ 


3097 6 0.53 P 


1605 

s 

1601 

s 

1615 

1794 

w 

1791 

w 

1795 

1815 

w 

1811 

w 

1816 

2671 

wr 

2668 

vw 

2670 

3072 

s 

3067 

5 


3729 

V 

3726 

w 

3737 

3790 

vw 

3787 

vw 

3775 
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TABLE II 

Raman and Infrared Spectral Data and Assignments 
for trans-C 2 D 2 l 2 * 


Raman 




Infrared 


Tentative 

theoretical 

assignment 

Type 

Ao 

I 

P 

0 

PS (CC4) 

h 

0 

(CSj) 

le 


155 

1000 

0.24 

P 






05 










~ iss'l’ 

07 

Su 









~ ITTf 

0x2 

bu 

400 

6 







f391 

<^ 11 " ^12 

A, 









1410 

0x1" 07 


455 

7 







1443 

O4 - 06 

A, 









1445 

08 “ Os 






568 

vs 

568 

VS 


On 

bu 

598 

112 

0,36 

P 






04 










599$ 

Os 

bi 

633 

16 

0,41 

P 





619 

Oa “ (07 + Oxa) 

Bt 





668 

s 

665 

s 


Os 






841 

vs 

838 

vs 


OlQ 

bu 

894 

22 

0,54 

P 





899 

O2 “ Og 

Bt 





896 

m 

894 

in 

903 

O 7 + 0 x 1 + 0x2 

Au 





910 

vw 

907 

vw 

( 911 

O4 + 05 + Oy 

Au 









1 912 

O5 + 07 + Og 

Bu 

954 

325 

0,20 

P 






oz 






1129 

w 

1126 

w 


O3+O12 

Bu 

1184 

18 

0,54 

P 





1196 

2O4 

A, 





1186 

m 

1183 

m 

1185 

0x2 "C05+ O7) 

Au 





1268 

m 

1265 

m 

fl265 

O4+O6 

Au 









11266 

Og + Og 

Bu 

1498 

8 








02 






1523 

m 



1522 

Os+Oxi 

Bu 





2271 

s 

2267 

s 


0 g 

a. 

2307 

8 

0.41 

P 






Ol 

«< 





3136 

vvvyr 

3132 

vvw 

3147 

Ol + OiQ 

Bu 


•Symbols and units as In Table I. 
tDeduced from combinations. 

tCalcuiated from a partial normal coordinate treatment. 


The Raman and infrared spectral data of trans-C 2 D 2 l 2 are 
presehted in Table II. The depolarization ratios could not be 
obtained for the 400, 455, and 1498 cm-‘ lines, since these 
were very weak. The 599 cm"! line was not seen directly. 
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From a partial normal coordinate analysis of the type out- 
of-plane vibration, in which the F-matrix element was trans¬ 
ferred directly from trans-C 2 H 2 l 2 , the wavenumber 599 cm-^ 
was obtained. Since there is a strong fundamental at 598 
cm“^, this line at 599 cm"* would not be seen. 

Finally, as an aid to the complete assignment of the fun¬ 
damentals for trans-C 2 H 2 l 2 and trans-C 2 D 2 l 2 , the fundamentals 
of trans-C 2 H 2 F 2 , trans-C 2 H 2 Cl 2 , and trans-C 2 H 2 Br 2 , together 
with their deuterated analogs, weire compared with our values. 
This information is shown in Table III, In this table tihe values 
for trans-C 2 H 2 F 2 and trans-C 2 P 2 F 2 were taken firom Craig and 

Entemann [3]; the values for trans-C 2 H 2 Cl 2 and trans-CP 2 Cl 2 

are from Bernstein and Ramsay [4]; and the values for trans- 
C 2 H 2 Br 2 and trans-CP 2 Br 2 are from Dowling et al. [51. 

As may be noted, the fundamentals of the trans-halogen 
ethylenes show definite progressions, and this information may 
be used as an aid in assignments. A case in point is that of the 
705 cm line in trans-C 2 H 2 l 2 : there is a more intense line at 

TABLE HI 

Fundamental Wavenumbers of trans-C 2 X 2 Y 2 (X = H or D; Y= F, 

Cl, Br, or I)* 


n CgHiCla CjHjBlj CiHtli CjPjF^ CjDiCle 





3073 

3089 

3097 


2325 

2323 

2307 




1578 

1581 

1542 


1S70 

1531 

1498 

*4 



1274 

1249 

1230 


992 

972 

954 




846 

746 

667 


765 

670 

598 




350 

216 

154 


346 

214 

156 



874 

895 

898 

910 

651 

658 

658 

666 



325 

227* 

188* 

163* 

309 

221* 

183® 

158* 



774® 

763 

736 

705 

685® 

657 

628 

599® 


<^9 

3115 

3080 

3085 

3070 

2315 

2285 

2289 

2269 

A, 


1274 


1165 

1128 

941 

912 

858’ 

840 

Ojl 

1159 

817 

680 

586 

1175 

784 

648 

568 





192® 

186* 

387® 

240* 

191® 

177® 


1 Symbols and units as in Table U 

2 Values from Pitzer and HoUenberg [6\ 

3 Deduced from combinations. 

4 Calculated from Redlich-Teller product rule. 

5 Calculated from product rule ratios. 

6 Calculated from partial normal coordinate treatment. 
Perturbed by Fermi resonance. 

Calculated from die rotational isomer puroduct rule. 
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594 cm“^ in the Raman spectrum of this molecule that at first 
was assigned as the bg fundamental. On using this value as a 
fundamental and calculating the corresponding line in trans- 
C 2 D 2 I 2 by R partial normal coordinate treatment, a value of 
506 cm“^ was determined; this line was not observed. This cor¬ 
relation chart indicated that the 705 cm"^ line might be as¬ 
signed to the bg fundamental. In a partial nojrmal coordinate 
analysis using this value, trans-C 2 D 2 l 2 should have a funda¬ 
mental of the bg type at 599 cm"^; this line would not be seen 
due to the presence of the strong ag fundamental at 598 cm“S 
as previously mentioned. 

The infrared bands at 227 and 250 cm“^ for trans-C 2 H 2 Cl 2 
were observed by Pitzer and Hollenberg [6], We made use of 
these values and the Redlich-Teller product rule to obtain 221 
and 240 cm“^ for the corresponding bands in trans-C 2 D 2 Cl 2 . 
The values for similar fundamentals in the bromine and iodine 
compounds have been determined by combinations and over¬ 
tones, both by Dowling and in the present investigation. 

In applying the Redlich-Teller product rule to the various 
types of fundamentals of trans-C 2 H 2 l 2 and trans-C 2 D 2 l 2 » a dif¬ 
ference of 0.5-1.0^ was obtained for the ag and bg type vibra¬ 
tions. For the a„ and b„ types, a difference of 0.15-0.8'^ was 
obtained. 

A normal coordinate analysis is in progress for the eight 
molecules listed in Table III. This should permit an unambig¬ 
uous assignment of the fundamental wavenumbers of this group 
of molecules. A similar analysis of the cis- compounds is 
also in progress. 


ACKNOWLEDGMENTS 

This work was part of a research program which has been 
aided by grants from the National Science Foundation. The 
authors are grateful for this assistance. 


REFERENCES 

1. S.I, Miller, A. Weber, and F.F. Cleveland, J. Chem, Phys. 23, 44 (1955). 

2. J.T. Edsall and E.B. Wilson, Jr., J. Chem. Phys. 6, 124 (1938). 

3. N. C. Craig and E. A. Entemann, J. Chem. Phys. 36, 243 (1962). 

4. HJ. Bernstein andD.A. Ramsay, J. Chem. Phys. 17, 556 (1949), 

5. J.M. Dowling et al., J. Chem. Phys. 26, 233 (1957). 

6 . K, S. Pitzer and J. L. Hollenberg, J. Am. Chem. Soc, 76, 1493 (1954). 



RAMAN SPECTRAL DATA, ASSIGNMENTS, 
POTENTIAL ENERGY CONSTANTS, 

AND CALCULATED THERMODYNAMIC 
PROPERTIES FOR CH^Cla, CHDCla, AND CDgCla 


Brother F.E. Palma, S.M., 
and K. Sathianandan 

^^irosc^ Laboratory, Physics Department 
Illinois Institute of Technology 
Chicago, UUnois 


INTRODUCTION 

Up to the present, no Raman spectral data have been pub¬ 
lished for the deuterated forms of dichloromethane. Pure 
samples of CHDCI 2 CD 2 CI 2 have recently become available, 
and the present investigation was undertaken in order to de- 
temiae the best set of potential energy constants from the 
vihrahoiial spectra of all three compounds. 


EXPERIMENTAL 

"P*® deuterated samples used in this investigation were 
o tained from Merck, Sharpe & Dohme Company of Montreal, 
Canada, and had a high degree of isotopic purity. 

The Raman spectra were obtained with a HLlger E-612 
^o-pnsm spectrograph with glass optics. The reciprocal of 
mspersion of the spectrograph was 100 cm-Vmmatthe 4358 A 
line of mercury which was used to excite the spectra. The 
sp^tra were recorded photographically on Eastman 103a-J 
plates. Bqxjsure times varied from 1 to 16 hours. The spec¬ 
trum of iron was used as a secondary standard for measuring 
the wavenumbers, and semiquantitative intensities were ob- 
t^n^ by scanning the plates on a Leeds and Northrup micro- 


SYMMETRY PROPERTIES 

methane like CH^Cl^ can be expected to have 
tetrahedral structure. The microwave measurements of 
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Meyers and Gwiiin [1] have shown that the structure is nearly 
tetrahedral. They measured the H—C—H angle as 112“ and the 
Cl-C-Cl angle as 111“47'. 

Hie CH 2 a 2 and CD 2 CI 2 molecules belong to the point group 
C 2 »; i.e,, they have two mutually perpendicular planes of sym¬ 
metry and a twofold axis of symmetry. Each compound has 
nine fundamental vibrations, of which four are type ai, one is 
type 82 , two are type bi, and two are type 62 * spectral 
lines arising from the a, vibrations are polarized; the others 
are depolarized. All the fundamentals are allowed in the Raman, 
and all but the aj are allowed in the infrared. 

The CHDCI 2 molecule has only one plane of symmetry, and 
hence belongs to the point groupC,. It has six a' fundamental 
vibrations which are polarized and three a" vibrations which 
are depolarized. All the fundamentals are allowed in both the 
Raman and the infrared. 

ASSIGNMENT FOR CH 2 CI 2 

The observed Raman displacements, relative intensities, 
and polarization characteristics of the fundamentals of CH 2 CI 2 
and CD 2 CI 2 are given in Table I. The assignment of the funda¬ 
mentals for CH 2 CI 2 has been discussed at length in the litera¬ 
ture by Wagner [ 2 ], Gorin and Sutherland [3], Herzberg 14], 
Plyler and Benedict [5], and others. The lower wavenumbers 
can readily be assigned to the CCl stretching and deformation 
vibrations. The CH stretching vibrations are at 2986 and 3053 
cm-^. The 1423 cm"^ line is assigned as the CH 2 totolly sym¬ 
metric deformation, even though it appears depolariz^. The 
presence of several possible overtone and combination bands 
of the CCl stretching vibrations is indicated by the peculiar 
shape of this band in the infrared, and this might explain the 
apparently high value of the depolarization ratios which have 
been measured for this line. It is interesting to note that the 
corresponding line for the CD 2 deformation in the completely 
deuterated compound is strongly polarized, and appears at 
1052 cm"^ much lower than the CCl stretching overtones. 

The torsional vibration of thea 2 Vibrationhasbeen assigned 
to the 1156 cm"* line. This is forbidden in the infrared, but is 
observed as a weak band for the liquid. The selection rules 
are not strictly valid for liquids, however, and this assignment 
is borne out by the normal coordinate analysis, and by a study 
of the band contours in the Raman spectrum of the vapor by 
Welsh et al. [ 6 ]. 
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TABLE I 

Raman Spectral Data for CHjClj and CD 2 CI 2 


CHjClj CDjCl* 


Assignment AOoj,, i p AOobs I P 


ai 

285 

75 

P 

ai 

703 

1000 

P 

63 

742 

10 

D 


895 

vw 


a2 

1156 

2 

D 

h2 

1265 

vw 



1423 

6 

D? 


2986 

181 

P 


3053 

7 

D 



283 

494 

P 


677 

1000 

P 

633 

716 

(712)i 

10 

D 

817 

826 

vw 

D 

894 

953 

vw 


1006 

1052 

6 

P 

2111 

2198 

199 

P 

2158 

2304 

4 

D 


di^laoement In cm-i, I Is the semiquantltatlve relative 
and p IS the polarization sute of the line (P=polarlaed, D>de- 

““"Inlying corresponding wavenumber for CH-CL by 2“ i* 
tCalcuUted from the con^lete Isotopic subsHtutlcm rule. 


ASSIGNMENT FOR CDjClz 

Since the completely deuterated compound has the same 
^metry and electronic configuration as CHgClj, one emects 
me spectra to he similar, eiccept for mass effects due to the 
deuterium substitution. The CClj stretching and deformation 
wayenimibers are not affected much by this substitution. For 
® ® hindamentals, as a cirude approximation one may 
Mns^er me massive Cl and C atoms to be stationary, while 
me H or D atoms move in me vibrations. Deuterium substi- 
decrease the CHjClj wavenumbers by a 

shown f T M ’ crude calculation are 

K ^.ssignment for the observed wavenum- 

<^ 2 Cl 2 could then readily be made, except for one h, 
^dament^ which was not observed because of near coinci- 
ence ynm me strong CCl stretching bands near 700 cm“^ An 

calculated for this line 
irom the complete isotopic substitution rule [7], 

SnziSi^flf present work, SMmanouchi and 

of tt University of Tokyo, measured the infrared 
qp^tra of mese mree compounds and published the results of 
coordinrte treatment using a Urey-Bradley potential 
energy function. They assigned the CD 2 deformation’Sbration 
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tx) a Strong infrared band at 995 cm“^. This line, however, can 
be assigned as a combination band, and in the present work the 
polarized Raman line at 1052 cm"^, which has nearly the same 
relative intensity as the 1423 cm“^ line of CH 2 Cl 2 » been 
assigned to the QD 2 deformation. 

ASSIGNMENT FOR CHDClg 

The assignments for CHDCI 2 were easily made by applying 
the complete isotopic substitution rules of Brodersen and 
Langseth [7], These rules are very useful in a case of this kind 
where the wavenumbers for each type of vibration of a compound 
of high symmetry (CH 2 CI 2 ) and those of the completely iso- 
topically substituted compound of the same symmetry (CD 2 CI 2 ) 
are known, because then all the wavenumbers for each type of 
vibration for the fundamentals of the partially substituted com¬ 
pound (CHDCI 2 ) can be calculated accurately, solely from the 
wavenumbers, without using any molecular parameters. It may 
be useful to discuss here the application of the complete iso¬ 
topic rule to these molecules as a demonstration of its sim¬ 
plicity, usefulness, and accuracy. 

A secular determinantal equation can be written for each 
fundamental vibration type. For example, if a molecule has 
three a" fundamentals, the secular equationfor the a" vibrations 
has the form 

(a")-X»-CiX*+C 2 A-C 3 = 0 (1) 

Solution of this cubic equation will yield three A values which 
are related to the wavenumbers by the expression 

A,=4;rVcr? (2) 

where c is the velocity of light in a vacuum and oi is the ith 
wavenumber of the a" type. The coefficients Ci, C*, and Cj 
are related to the As by the expressions 

Q=2A, 

C 2 “ 2 A/ Ay (3) 

Cj = 2 A| AyAjt 

If the secular equation is known, it can be solved for the wave- 
numbers of the a" fundamentals, and, conversely, if the a" 
f undam ental a are known, the seciUar determinant can be con¬ 
structed from Eqs. (2) and (3). 
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1 BTOdersen-Langseth complete isotopic substitution 
es applied to CHDCI 2 peld the following expressions: 

(a") - H(aa)»C4a)i) + H(aa)i,(6a)» = 0 (4) 

and 


(a') = i4(ai)H(4j)j, + }6(ai)B(4i)a = 0 (5) 

Here the parentheses indicate the secular determinants of the 
v^ous types, and the subscripts H and Z) refer to 

Un 2 d 2 and CD 2 CI 2 , respectively. 

For the a" vibrations, the secular determinant is giver by 
as net y valid nile, which combines the secular determinants 
tor the aj and 62 fundamentals of CHgClj and CaDjCl,. The ex¬ 
panded dete^nants are polynomials in X, of a degree de- 
^n ent on the n^ber of fundamentals belonging to each type. 

or sample, the expanded determinants for the aj and b. 
vibrations of GHjClj have the form 


(®a)ir = A - 


and 


2H 


( 6 ) 


(^2)h = A -h C 2 (7) 

constant coefficients in these expressions are obtained 
from the wavenumbers by relations similar to Eqs. (3). Ex- 
watf Eqs. ( 6 ) and (7) are obtained from the 

intn^n ® 2 Cl 2 . When these relations are substituted 

mto Eq. (4) and the polynomials are expanded and simplified, 
cutac ^nation with the same form as Eq. ( 1 ) is obtained, 
waw ° equation are the three As corresponding to the 
wavMumbers for the three a" fundamentals of CHDCl*. 

or»r>/i ^ ^PPfO^niate ^e for the a'vibrations, Eq. (5), gives 
^ written in three separate parts for the CH 

2dfo?S. ^ Stretching wavenumbers, 

lower wavenumbers. The first two parts 
rw of the symmetric andnon-totally sym- 

a fouih^ H ® stretchingwavenumbers. The last part ylSds 

^uation which can be solved for the foS re- 
mainmg wavenumbers of the a'type fundamentals. 

calcSafi wavenumbers 

of the tablp ar ® isotopic rule. In the remainder 

reWeliSni? observed Raman displacements, 

^tensities, and states of polarization. The agreement 
een file observed and calculatedwavenumbers is very good. 
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TABLE II 

Raman Spectral Data for CHDClJ 


Assignment 

Aocalct 

^^obs 

I 

P 

1 

a 

284 

283 

136 

P 

a' 

681 

682 

1000 

P 

a" 

725 

725 

20 

D 

a' 

mz 

779 

16 

P 

a" 

884 

886 

1 

D 

a'" 

1220 

1221 

1 

D 

a* 

1277 

1276 

1 

P 

f 

a 

2252 

2246 

59 

P 

1 

a 

3038 

3019 

66 

P 


♦All symbols as In Table I, unless otherwise indicated. 
tCalculated from the complete isotopic substitution rule. 


even for the a' type vibrations, for which the rules are only 
approximate. Apparently, in these approximations, the effects 
of the anharmonicity must largely cancel each otiher. 


NORMAL COORDINATE TREATMENT 

After the preliminary assignment was completed, it was 
confirmed by a normal coordinate treatment, carried out with 
a general quadratic valence force potential energy function, 
according to the Wilson FG matrix method, using wavenumbers 
corrected for anhajrmoxiicity by the method of Dennison 


THERMODYNAMIC PROPERTIES 

The heat content, free energy, entropy, and heat capacity 
for CH 2 CI 2 , CD 2 CI 2 , and CHDa 2 were calculated to a rigid 
rotor, harmonic oscillator, ideal gas approximation, for 12 
temperatures from 100® to 1000®K, using the infrared wave- 
numbers observed for the vapor. The authors hope to publish 
these thermodynamic properties, and also the potential energy 
constants obtained in the normal coordinate analysis, in the 
near future. 
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ORTHO-SUBSTITUENT EFFECTS AND THE 
FUNDAMENTAL NHg STRETCHING VIBRATIONS 
m ANILINES* 

Peter J. Krueger 

Department of Chemistry 
University of Alberta 

Calgary, Alberta, Canada _ 


ABSTRACT 

The integrated intensities, frequencies, and half-band 
widths of the fundamental symmetric and asymmetric NHj 
stretching vibrations in 32 ortho-substituted anilines, meas¬ 
ured in dilute carbon tetrachloride solution, were examined in 
relation to the corresponding absorption band parameters for 
31 meta- and para-substituted anilines, talcing into considera¬ 
tion the electronic effects of the substituents. From an almost 
tetrahedral configuration in p-phenylenediamine ,the s -charac¬ 
ter of the nitrogen atom gradually increases as the substituent 
groups become more electron-withdrawing, with a residting 
increase in the HNH angle and the NH force constant. Ortho¬ 
substitution in general leads to enhanced HNH angle opening, 
probably because of intramolecular hydrogen bonding in many 
cases- The decrease in half-band width for both vibrational 
modes in ortho-substituted anilines over corresponding values 
in meta- and para-compounds is ascribed to steric hindrance 
to solvation of the amino group. 

The asymmetric intensities in ortho-substituted anilines 
are generally increased over corresponding values in meta- 
and para-compounds, unlike the behavior of the symmetric 
mode. These results are consistent with a vibrational mech¬ 
anism taking into account the following factors for each mode: 
(i) the direction of the transition moment; (ii) the extent of 
nitrog^en lone pair and aromatic »r-electron participation; and 
(iii) the direct field effect of the ortho-substituent. 


•This paper is co be published In expanded form in the Canadian Journal of 
Chemistry. 
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INTRODUCTION 

locaUzed in characteristic functional groups 
attached to the aromatic ring have been studied extensively tn 

cSe ® changes in the mole- 

cide. The frequencies of absorption maxima and the absorption 

ri Hammett a conSiits 

[1.2] of the substituents for the -OH stretching vibration in 

mI; ^ -C^ stretctog viteaaontVSSi^ 

^ Stretching vibration in benzaldehydes, ethyl 
in » fcetophenones (7. 8]; the -NH stretching vibra¬ 
tion in /v-methylanilmes [9]; the two -NH 2 stretching vibrations 

stretching vibration in 

and para-substituted benzene derivatives the 
^ expressed by a Hammett-type 


the observed group frequency in the substituted 
^ frequency of the "parent" compound 

to ?4stiS!nt sensitivity of the freqS^ncy 

curvature S fhf f®’ sometimes exhibit slight 

elert?o^in!^^ ? frequency rises or falls with increasing 

relation ?® substituents. A similar line^ 

relationsmp has been sought [15] between v and the electro- 

ffhat? ? <^"I16.17].RaoandVenkataraghavan 

^ ^ evaluationof 18 sets 

tha, both . aad o*correla» a» ,ra- 

U0b2l“gST‘aSf. W of vlbratloaa to fmc- 

been correlated nn^a 1 I^ra-substituted benzenes have 

Deen correlated Imearly through a logarithmic function so that 


logA = logAo + p'o- 


( 2 ) 


or alternatively 


log A = log45 + p+^cr+ 


(3) 


Statistical evaluation has 
is slightly better [14]. 


Indicated that the latter correlation 
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On the basis of a simple molecular orbital model. Brown 
[18] has proposed that the quantity should be linearly re¬ 
lated to the appropriate substituent constants a or <7+, Statisti¬ 
cally this correlation appears to be as good as the correlations 
with log A [14], Brown further suggests that the success of 
these correlations indicates that the changes in electron distri¬ 
bution which occur in the molecule during vibrational distortions 
closely parallel those which occur in the formation of the 
transition state during chemical reactions. 

In a previous publication, Krueger and Thompson [5] 
showed that for a wide range of vibrational types the log A and 
V values also correlated well with the inductive (ai) and reso¬ 
nance (ctr) parameters deduced by Taft [19a] on the basis that 

para-OHwnmott = Vj + ffR (4) 

as a first approximation. These relationships could be ex¬ 
pressed eiqilicitly as 

log A = log Ao + ovj+ j8<TR (5) 


and 


V - Vo = a Vj + )3 Vr (6) 

where the os and jSs could be interpreted as the relative sus¬ 
ceptibility of the correlated quantity to the inductive and reso¬ 
nance effects. The significance of this has been discussed. 

The Hammett treatment of kinetic data is restricted to 
meta- and para-substituents to avoid complications due to the 
effect of neighboring groups, although Farthing and Nam [20] 
have attempted to extend it to ortho-substituted compounds, 
Krueger and Thompson [5] previously reported some spectro¬ 
scopic measurements on ortho-substituted benzonitriles, ani¬ 
lines, phenols, ethyl benzoates, and benzaldehydes, and at¬ 
tempted to relate these values to those for meta- and para- 
substituted compounds. The substituent constants derived by 
Taft [19b] for ortho-substituents were used in integrating all 
the data, since these a^rtho values are on the same scale as the 
Hammett and Vp,,, values. The additivity principle pro¬ 
posed by Jaffe [2] was used as a first approximation to get a 
2a value for compounds with several substituents. This was 
reasonably successful for the sterically favorable benzonltrile 
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series, but a nuBober of unexplained anomalies remained for 
the phenols and anilines. 

The data available for the aniline series have now been 
re-eramined. and some conclusions have been drawn concem- 
ujg tte nature of the amino group and its response to ortho¬ 
substitution. Further high resolution infrared measurements 
have also been made on selected model compounds. 


experimental methods 

^®^^^Elmer 12C Single-Beam Spectrometer was em¬ 
ployed for the earlier measurements, using a LiF prism to 
Improve the resolution in the 3 ^ region. Standard absorption 
lines of water vapor and ammonia were used as frequency 
cahbrmts. The effective slit width was calculated to be aboi 
8 cm in this region. Quartz absorption cells up to 5 cm in 
length were i^ed to keep the maximum aniline concentrations 
below 0.01 M in carbon tetrachloride. Measurements were 
made over a wide concentration range at several path lengths, 
e Imd areas determined by numerical integration, and the 
“tensities extrapolated to zero peak absorbance to 
eliminate sht efferts [21]. Since the true shape of liquid phase 
sorption bands is still in doubt, no "wing corrections" [22] 
were applied. Integration limits were set at those points where 
the recorder noise level became comparable with the residual 
^orbance. Dire to slight overlapping of the two bands, a 
sm^amoimt of graphical separation was necessary. 

BerSitn measurements were made with a 

Beaman IR-7 Spectrophotometer with a NaCl foreprism and 

at 12 ^. The instrument was 
fre^Sinv described [23]; the accuracy of the 

mS in the These measurements were 

calculated tn he gating order, where the slit width was 

2?^^° ^ ^ A pair of matched 

of a programed slit, 
absorbance, and linear frequency 
permitted direct evaluation of band arLs Z 
nShi Slit >vidth effects were found to S 

calculated slit width is less than 
^ Widths measured), and the v, A, and 

Av^ values reported are the averages of at least two complete- 
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ly independent measurements, except in a few cases where 
the small amount of material available precluded this. 

Most of the compounds were commercial products, purified 
by recrystallization, sublimation, or fractional distillation 
under reduced pressure. A few were synthesized following 
standard procedures in the literature. "Spectrograde" carbon 
tetrachloride was used, and the solutions were made up volu- 
metrically. In the high resolution measurements the cell 
temperature was held at 25*C. 

RESULTS 

All the compounds investigated, together with the cor¬ 
responding substituent constants, are listed in Table I. The 
detailed experimental results and the calculated parameters 
derived from them will be published elsewhere. All the re¬ 
sults are presented graphically. Points of special interest are 
numbered in the diagrams, the numbers being those of the 
correspondingly numbered substituents in Table I. 

For the purposes of this discussion the total electronic 
effect of the aromatic ring substituents on the NHj group is 
considered to be proportional to the additive sum of the sub¬ 
stituent constants (2a) for meta- and para-substituents, and 
for ortho-substituents, as originally defined by Hammett [1] 
and Taft [19b], respectively. Wherever possible the more 
recent a values from the critical analysis by McDaniel and 
Brown [24] were used. A few constants were taken from the 
review by Jaffe [2], For a number of ortho-substituents, a 
values were estimated on the basis that o-ortho“OpB.«. since no 
kinetic data for them were available in the literature. The 
validity of this approximation is substantiated by the work of 
Taft and his associates. 

Figure 1 shows a plot of logjo A vs. So- for the asjrmmetric 
vibration; Fig. 2 shows the analogous data for the symmetric 
vibration. Considering that this presentation adjusts all the 
data for the varying electronic effects involved, the general 
conclusion can be drawn that for ortho-compounds the sym¬ 
metric intensities are not significantly different from ttose 
for meta- and para-compoimds over most of the range. For the 
asymmetric vibration the intensities for ortho-compounds are 
about 30 to 40^ higher than the correspondingvalues for meta- 
and para-compounds. Only where the adjacent substituents are 
alkyl groups (and NH 2 ) is there no apparent increase in the 
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TABLE I 

Substituted Anilines and Substituent Consta nts 
Substituent (s) __ No.^ Substituenris) 

j. ^-NCCHj)^ -0.83 33 4-1 +0,18 

3 -0.66 34 2-Cl +0.20^ 

4 2-NI^ (-0.7)® 35 2-Br +0 21^ 

5 2,4,6-tri-aCH8), (-0.6)® 36 2-1 +0*21^ 

6 2.4.6-tri-CHs -0.61^ 37 4-Cl +0.'227 

7 2(4,6-Qi-CH(CHj)^ -0,45® 38 4-Bt +0,232 

8 2-OCHs -0.39* 39 2-F +0*24* 

9 2-OCI%CHj -0.35* 40 3-F +0.337 

10 2,6-di-CHs -0.34* 41 3-Cl +0.373 

11 2,5-di-C(CH8)s (-0.3)® 42 3-COCHj +0 376 

12 2.5-di-OCH3 -0.27* 43 3-Br +0.‘391 

13 4-OCH3 -0.268 44 2,4-di-Cl +0.43* 

14 4-CK:i^CH -0.24 45 3-CFj +0.43 

15 3.4-di-CHs -0.239 46 4-SCN +0,52 

16 2,5-di-OCI^CH3 -0.20* 47 2-CFs (+0 54)® 

17 2-C(CH3)j (-0.2)® 48 3-CN +0.’56 

18 4-C(CH3)3 -0.197 49 2,4,6-tri-Cl +0.63* 

19 2-CH3 -0.17* 50 2-CN +0.64® 

20 4-CH3 -0.170 51 4-N = N-.C8H5 +0.640 

21 4-CrtCH3)8 -0.151 52 2.4.6-tri-Br +0.65* 

22 2-CrtCH3)3 (-0.15)® 53 4-CCXX:i%CH3 +0.678* 

23 2-Ci^CH3 (-0.15)® 54 2-COOCH2CH8 (+0.68)* 

24 4-CeHs -0.01 55 3-NO^ +0.710 

25 2-C8H5 (-0,01)® 56 4-CCX:H3 +0.'874® 

“ 0 58 4-CN +1,00* 

ll 2.6-di-CN-3.5-di-CH3 +1.14* 

28 3,4-(CH)4 +0,042 60 2-NPi> +1 22^ 

29 2,3-(CH)4 (+0.04)® 61 4-NOi +1.27® 

f? +0.062 62 2,6-di-Cl-4-NOb +1.’67*** 

31 S-OCH^CHs +0.1 63 2,6-di-NOi +2.44* 

32 3-OCHj +0.115 64 2,4-di-NOfe +2.4^** 

—- _ 65 2,4,6-tii-NO^'^ +3,71^' ® 

if 

indicated, the values used arefromthe critical analysis of Harn¬ 
ett substituent constants by McDaniel and Brown 1241 ^ 

®Estin«ted on the basis that ^ ^ 

Invol'vlng cTortho value(s) according to Taft [19b], 
fif correlation of quadripole resonance frequencies [251 

^Et^e'Sjfly^^sotorrcSrKS™ [2]. 

in C2CI4 were used. ten-acnioride, frequencies measured by DyaU [26] 
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stltuents. The units of A are cm<inole~l (loge). 

asymmetric intensities, and a slight decrease in the symmetric 
intensities. 

The frequency/So- correlations are shown in Fig, 3. Be¬ 
cause of the two interacting vibrational modes, and the pos¬ 
sibility that the geometry of the amino group may change in the 
aniline series, these are best discussed in terms of the HNH 
angle and the NH stretching force constant. 



Zo 


Fig. 2. Correlation of the Intensity of the symmetric NH 2 stretching 
vibration in substituted anilines with the electronic nature of the 
substituents. 
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£ 10 I- 1 - 1 _ ■ I . I 

i - 1.0 0 + 1.0 + 2.0 


Zo 


Fig, 4. Relationship of to the electronic nature and position 
of the substituents in substituted anilines. High resolution measure¬ 
ments indicated by points with vertical tails, and by bottom ends of 
oval points. 
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Our attention was first directed to a re-examination of the 
available data by a comparison ofthe apparent half-band widths 
(Av^), which are shown in Fig. 4 as a function of Icr. In general, 
both NH 2 bands are significantly narrower in ortho-substituted 
anilines than in meta- and para-substituted anilines. Since 
most of the band widths shown in Fig. 4 were obtained with 
an effective slit width of about 8 cm“S they will be somewhat 
wider than the limiting true widths, but relative values should 
still be correct. The extent of this distortion is also portrayed 
in Fig. 4, as indicated by the elongated points corresponding to 
measurements repeated with the better resolution of a grating 
spectrophotometer. 


DISCUSSION 

An interpretation of these observations is advanced along 
the lines of a simplified model for the two vibrational modes 
illustrated schematically in Fig. 5..The essential difference 
between these vibrational modes was previously pointed out by 
Orville-Thomas et al. [27]. 


MODE 

(dM/dr)^H 

CONTRIBUTIONS 

LONE PAIR CONTRIBUTIONS 

SYM. 

/h /h 

—nC—♦ —N <--♦ 

^ (a) ^ 

(b) / 

•'1? /P 

' (0) ' 

(c) ' 

ASYM. 

^ A 

-K 

\H 

^ (d) \ 

NONE (first approximotion) 

C 

(•) 

^ ASYM. 

(f) ^ SYM. 


Fig. 5. A simple vibrational mechanism for the NH 2 grotqp. (a-d) 
Contributions to the transition moment. (e,f) Orientation of the 
components of d^ole moment change with re^ct to the aromatic 
system and ortho-substituents. Solid arrows refer to atomic motion; 
dotted arrows to dipole moment. 
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To a good approximation the only nuclei involved in the 
i/.and vibrations are the nitrogen and hydrogen atoms. Thus, 
changes in NH bond lengths during the vibration can be used to 
define the normal coordinate The intensity of a fundamental 
infrared absorption band is proportional to {dM/dQy, i.e., to 
the square of the variation of molecular dipole moment M with 
respect to the normal- coordinate during the vibration. The 
dipole moment of the amino group in its equilibrium configu¬ 
ration can be separated into two NH bond moments, and a 
third component due to the atomic dipole of the lone pair elec¬ 
trons. Coulson [28] has recently emphasized the importance of 
lone pair electron contributions to molecular dipole moment 
changes during vibrations, as well as the unexpected contribu¬ 
tions that may be due to hybridization changes as the atoms 
move. 

As the H atoms oscillate inthe asymmetric mode the change 
in dipole moment is perpendicular to the symmetry axis of the 
NH 2 group, and parallel to the plane of the aromatic ring,* as 
summarized schematically in Fig. 5e. The decrease in s-char- 
acter of one nitrogen bonding orbital as thatNH bond lengthens 
is exactly compensated by the increase in s-character of the 
other NH bond as it contracts. The s-character of the lone pair 
orbital should remain unchanged, and {dM/dQ) should depend on 
the small polarity changes in the NH bonds. During the second 
half of the vibrational cycle this small resultant dipole mo¬ 
ment reverses sign, leading to the contribution shown in 
Fig. 5d. 

During the symmetric mode of vibration the s/p ratio of 
the nitrogen bonding orbitals will vary in phase, and this will 
give rise to a compensating change in s-character of the lone 
pair orbital, as shown by the contribution sketched in Fig. 5b. 
Another component (a) would be due to changes in the NH bond 
moments. Both (a) and (b) would lie in a plane along the CN 
bond and perpendicular to the aromatic ring. A third contribu- 
tlon (c) to the net dipole moment change in the symmetric mode 
will arise from a variation of conjugation of the lone pair 
electrons with the aromatic n-electrons during a vibrational 
cycle. When both H atoms move away from the N nucleus, the 


the 234 mu ultraviolet band to substi- 
®i’ [29] has concluded that the lone pair electrons of tihe amw 

^ ** 2»6-posltlons, Essery and Schofield [301 suDDort this 
view on the basis of limited Infrared measuremSs on a few S^Sl^lSSs! 
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s-character of the lone pair increases and it cannot combine 
as effectively with the ir-orbitals (these have odd S 3 anmetry, 
whereas an s -orbital has even symmetry with respect to the 
plane of the ring). When the H atoms approach the N nucleus, 
the increase in p-character of the lone pair leads to more ex¬ 
tensive interaction with the w-electrons. Thus, the ir-electron 
component of the permanent dipole of the aromatic part of the 
molecule contributes to the transition moment of this vibration 
as it varies in phase with the symmetric vibration, to an ex¬ 
tent determined by the hybridization of the N atom; i.e., it 
leads to a very small contribution when the N atom is ef¬ 
fectively sp®, and to a maximum when it is effectively sp®. 
Figure 5f summarizes the contributions to (.dU/dQ),. 

A comparison of Fig. 5e and f shows that a substituent 
ortho to the NH 2 group might be expected to enhance by a 
direct field effect if it were strongly electrophilic or nucleo¬ 
philic, since the sign of the dipole that leads to contribution d 
reverses at every half-cycle, and since the substituent group 
is almost directly in line with the direction of the transition 
moment. In the symmetric mode the ortho group is not in¬ 
timately involved because it is well removed from the transi¬ 
tion moment direction, and would likely only influence A,hy the 
inductive/resonance mechanism operating tbrough the aromatic 
carbon skeleton and the »r-electrons, respectively. This factor 
also contributes to A„, and is accounted for in the comparison 
on the ff basis. Thiese views are borne out by Figs. 1 and 2 . 
For the logjo correlation, the ortho-compounds in which 

intensity eiihancement is not observed are those where the 
substituents are 2 , 4 , 6 -tri-CH 3 , 2 , 4 , 6 -tri-CH(CH 8 ) 2 , 2,6-di-CH3, 
2,5-di-C(CHs)3, 2 -C(CH 3 ) 3 , 2 -CH 3 , 2 -CH(CH 3 ) 2 , and 2-CH2CH3. 
This is in harmony with the relatively low polarizing ability of 
alkyl groups. Some of the other deviations from the established 
patterns remain unexplained, but the effect of ortho-substitu¬ 
tion on the mechanical and electrical anharmonicity of these 
vibrations is being investigated in an attempt to provide some 
further information on the interaction mechanisms [31]. 

The HNH bond angle ( 0 ) and the NH stretching force 
constant (k) can be calculated from the two absorption fre¬ 
quencies of a primary amine by means of the valency force 
field equations of Liimett [32]: 

=,k [I/oih + (1 + cos0)/mj, ] 

4»r® = k [ l/aiH + (1 - cos (?)/jd„] 


(7) 

( 8 ) 
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where mjj and refer to the masses of the hydrogen and 
nitrogen atoms, respectively. This treatment assumes that the 
nitrogen and hydrogen atoms move along the NH bond directions, 
and that the stretching force constant is much larger than the 
deformation and interaction force constants. McKean and 
Schatz [33] have shown that this would be a valid assumption 
for the ammonia molecule. Mason [34] has successfully applied 
these equations to a wide range of primary amines, and has 
found e to vary from 104® in LiNH 2 to about 119® in hetero¬ 
aromatic compounds like 2-aminopyrimidine, 4-aminopyri- 
midine, and 3-amino-l,2,4-triazine. Although aniline itself 
was included in his study (0 = 111.8®), conclusive evidence for 
substituent effects on the hybridization state of the NH 2 group 
in the aromatic amine series has not been rep)orted. 

Figure 6 shows that for meta-and para-substituted anilines 
6 increases linearly with increasing electron-withdrawing 
power of the substituents, from a value of 109.6® in /V,/V-di- 
methyl-p-phenylenediamine and 109.4® in p-phenylenediamine 
(almost exactly sp^ ) to a limiting value of 113,6® which is 
reached in p-aminobenzonitrile and p-nitroaniline. This is in 
agreement with the predicted change in lone pair conjugation 
with the aromatic ir-electrons. Ortho-substituted anilines show 
extensive HNH angle opening, except in those cases where the 
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substituents involved are one or two methyl, ethyl, or isopropyl 
groups, or the CFs group. Undoubtedly there are a number of 
factors responsible for this increase in 6. For those cases in 
which the angle is close to or greater than 120*—as in 2,4,6- 
trinitroaniline (119.7*), 2,6-dinitroaniline (120.3*), 2-nitro- 
aniline (121.7*), 2,4-dinitroaniline (122.6®), and ethyl ortho- 
anthranilate (123.6*)—intramolecular hydrogen bonding is 
suggested, and similar interaction of a weak nature may account 
for the behavior of ortho-CN, halogen, -OR, and -NH 2 groups. 
Weak bonding of an amino hydrogen atom to the «-electrons 
of an adjacent phenyl group can also be envisaged. 

The increased HNH angles for 2-nitro-, 2,4-dinitro-, 
2,6-dinitroanilme, and 2,4,6-trinitroanlline are interesting in 
view of some recent controversy inthe literature as to whether 
or not intramolecular hydrogen bonding is present in the first 
compound. Lutskii and Alexseeva [35], Mortiz [36], and Farmer 
and Thompson [37] have concluded that there is intramolecular 
hydrogen bonding in 2-nitroanlline; Dyall [26] claims that 
solvent effect studies show it to be absent in 2-nitro- and 2,4- 
dinitroaniline, but present in 2,6-dinitro- and 2,4,6-trinitro- 
aniline. Since the largest HNH angle found in this work (123.6*) 
occurs in ethyl ortho-anthranilate, in which hydrogen bondiog 
is strongly favored because of the formation of a six-mem- 
bered chelate ring, the enhanced angles in the nitroanilines 
also suggest a similar interaction mechanism. 

The compound 1-naphthylamine (No. 29) appears to behave 
in an anomalous manner in that both A, and are smaller 
than expected, as is the calculated HNH angle. This suggests 
that the conjugation of the lone pair electrons witii the aromatic 
ff-electrons is disturbed by some interference due to the 
peri-H atom. Elliott and Mason [38] have postulated "bending" 
of the nitrogen bonding orbital due to repulsion, and a slight 
twisting of the NH 2 group to reduce the conjugation. Narrower 
band widths for this compound support this view due to hin¬ 
drance to solvation of the NH 2 group, as will be described 
later. 2-Naphthylamine (No. 28) behaves like a normal meta- 
substituted aniline. 

A weakness in the calculation of d for ortho-substituted 
anilines from equations [7] and [8] may arise in the mderlying 
assumption that the two NH bonds are equivalent. However, the 
fact that anilines which are symmetrically substituted in the 
2,6-positions (compounds 5, 49, 52, 59, 62, 63, and 65) and 
should thus meet this requirement lead to similarly enhanced 



78 


PETER J. KRXJEGER 

« values provides some proof for the validity of the method. 
This^ variation in HNH angle in the aniline series can be further 
confirmed by applying the same type of calculation to the 
linuting cases of a primary alkyl amine (sp») and a primary 
acid amide (sp ). Using the data of Orville-Thomas et al. (271 
for metbylamine in CCI 4 solution, the calculated HNH angle is 
103.8 ; and for acetamide in dilute CHClj solution, the meas¬ 
urements of Davies [39] lead to 120 . 3 *. 

For ortho-halogenated anilines, the HNH angle is found to 
increase in the order F < Cl < Br < I. Intramolecular hydrogen 
bon^ of the OH group in phenols to ortho-halogen atoms is 
kaown. Baker and Kaeding [40] have shown that the order 
of increasing hydrogen bond strength in the ortho-phenol series 
is really I< F< Br < Cl, which can be attributed to both the 
varying size of the halogens and an "orbital-orbital repulsive 
Interaction" which increases in the order of Cl< Br< I. These 
authors have also concluded that Badger's rule [41] does not 
af^ly In c^es where the interacting groups are not free to 
t^e ip their preferred orientation or interacting distance. In 
the aMine series the HNH. . .F interaction may be extremely 
weak because the small size of the fluorine prevents the H atom 
from ^tt^ close to its lone pair orbitals. The increase in 
size of the halogens appears to more than offset the corre- 
sponding decrease in electronegativity. 

The concept of intramolecular hydrogen bonding would ac- 
coimt for the "normal" HNH angles in anilines with ortho- 
-isopropyl groups. The large angle, of 
15.8 in 2,4,6-trL-terf-butylaniline could arise as the NHo 
if greater planarity with the aromatic ring 

by the bulky tert-butyl groups which flankit (see Fig. 10a). This 

SSnvf tnarked increase in vU 

relative to 4 m terms of NH bond moment contributions, the 
lone pair conjugation being small because of the electron- 
donating characteristics of the three .ten-butyl groups. To a 
2 ^ account for increases in 

Stretching force constant increases 
(Flff para-substituted anilines 

la a ,14 * deviation of ortho-substituted compounds 

on th?32dependence of the force constant 

inrhSS- charge on the nitrogen atom, as well as on its 

hybridization state [32,42]. 

Once the bond angle 9 is known, the contribution of 2s and 
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Fig. 7. Dependence of die calculated NH stretching force constant on 
the electronic nature and position of ring substituents in anilines. 

2p orbitals to the hybrid nitrogen bonding orbitals may be cal¬ 
culated [34]. The coefficient b in the hybrid orbital 


• 'I'ip (9) 

can be used as a measure of s-character, and may be calcu¬ 
lated from 


5 * = -cos 6/(1 - cos 6) (10) 

provided the two NH bonds are equivalent and the hybrid or¬ 
bitals of N binding the H atoms are orthogonal. For meta- and 
para-anilines, 1 is a linear function of s-character (Fig. 8). 
This is in excellent agreement with Mason's calculations [34] 
based on Slater orbitals which show that the overlap integral 
(measuring the strength of the NH bond, as does the force 
constant) for a hybrid orbital of nitrogen according to equation 
(9) and a. la orbital of hydrogen increases linearly with'b. 
Fig. 8 also shows that changes in the HNH angle alone cannot 
account for the difference between the NH stretching force 
constants of ortho-anilines and those for meta- and para-ani¬ 
line's. For a given HNH angle, an Increase in the effective 
charge on the nitrogen atom should decrease its electronega¬ 
tivity and hence lower the NH stretching force constant and 
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Li—I—i5_j_^_ ■ . ■ . ■ 1 

0.500 0.520 0.540 0.560 0.580 0.600 

•-CHARACTER OF M-H BONO 


Fig. 8. Relation beraeeti the NH stretching force constant and the 
s -character of the hybrid orbitals bonding these atoms in substituted 
axiUlnes. A h value of 0.500 correspoxids to sp ^ hy^hridlssation of the 
N atom* 

vice versa. Farmer and Thompson [37] have indingt.»H that 
hydrogen bond formation with an amino hydrogen atom must 
induce a negative charge on the nitrogen atom. This would ac¬ 
count for those points in Fig. 8 which are below the meta-para 
line. 


The points above this line correspond to ortho-alkyl sub¬ 
stituents (and o-CFj), Since tide bulkiest ortho-alkyl groups 
lead to the greatest increase in the NH force constant, "in- 
teimal specific solvation" of the amino group is suggested, 
whereby the effective dielectric environment of the amino group 
has acquired a larger hydrocarbon nature as CCI 4 molecules 
are crowded out. This should raise the NH force constant. The 
NH force constant for aniline in n.-hexane does show a slight 
incr^se, whereas for 2 , 6 -dimethylaniline in n-hexane it is 
identical with that calculated from frequencies obtained in CCI 4 . 
Changes of force constant of less than 1 ^ due to this effect 
would account for almost all the positive deviations observed. 

Crystallographic data available are in agfreement with the 
concept of increasing sp^ character of the amino nitrogen atom 
as ring substituents become more electrophilic. The C-N 
bond lei^hs [43] in p-hydroxyaniline, p-iodoaniline, and the 
sym-trirntrobenzene complex of p-nitroaniline are 1 . 47 , 1 . 43 , 
and 1.37 A, respectively, denoting increasing bond order. All 
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three are classed as planar, with Cj, symmetry. The maximiun 
displacement from the mean plane in the p-nitroaniline com¬ 
plex is given as 0.06 A. Since the X-ray method is not suitable 
for the determination of H-atom positions, these results are 
not at variance with the ideas advanced here. Recently, Ritschl 
[44] has assigned the C-N stretching frequency in ten anilines, 
and has shown that it increases linearly with the Hammett a 
values of the substituents, also implying increasing bond order. 

The integrated intensity (A) of a fundamental infrared ab¬ 
sorption band depends on the dipole moment change with the 
normal coordinate of the vibration {dM/SQ ): 

A = (flrw/3c)(aM/aO)* (11) 

where N is the Avogadro number and c is the velocity of light. 
If only the changes of NH bond moments with bond length 
idU/dt) contributed to the transition moment, and if the contri¬ 
butions from both NH bond moments were equal and additive, 
then idM/dr) could be calculated in two independent ways from 
the experimental intensities, using the expressions 

(dU/dQ,) = (.2/iiJ^ cos (e/2) • (dU/dr) (12) 

idM/dQJ) = (2//ii„)^ sin (e/2) • (dM/dr) (13) 

where the ps are the effective reduced masses governing the 
amplitudes of vibration. These simplified expressions arise 
because the resultant NH bond dipole gradients in the sym¬ 
metric and asymmetric stretching vibrations lie along tbe in¬ 
ternal and external bisectors of the HNH angle, respectively. 
Alternatively, equations (12) and (13) can be used to estimate 
6 from the experimental intensities through 

(A./A«) = tan^fl/2) (14) 

Mason [34] attempted this for ff-heteroaromatic primary amines 
and found that these d values never exceeded 92®, and were not 
even in the same relative order as the very reasonable d values 
calculated from the frequencies. Further, Mason found thatthe 
two (.dM/dt) values that could be derived independently from (12) 
and (13) did not agree, the calculation based on As always giving 
a larger value. The author concluded that because of the pos¬ 
sibility of large lone pair contributions to A,, equation (13) 
may be a better approximation. It would fail insofar as the 
as 3 mametric vibration is anharmonic and has a small dipole 
moment gradient along the internal bisector of the HNH angle 
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and small in-phase pulsations In s-character of the lone pair 
orbital. ^ 

The present measurements and calculations lend strong' 
support to this vibrational mechanism (Fig. 9). For p-phenyl- 
enedi^ine and /V,ff-dimethyl-p-phenylenediamine, 0 values of 
109.4 and 109.6®, respectively. Indicate virtual sp^ hybridiza¬ 
tion, since Q is 106.8° in cyclohexylamine [34] and 106.78° in 
a^onia [45]. With the lone pair electrons localized on the 
mrogen atom and effectively isolated from the v -electrons, 
the symmetric intensity is due to variation in the NH bond 
moments and in the atomic dipole. The NH bond moment com¬ 
ponent m the asymmetric mode exceeds the corresponding 
component in the symmetric mode for Q> 90*. Table II gives 
e relative contributions of these bond moments, assuming 
a fi^d vibrational amplitude and a fixed charge distribution 
numerical values are nomnalized to the con- 
t^utions for 0=90°, vhere they are equal for both modes, 
mce A >A, for anilines with large negative substituent con¬ 
stants [9], it appears that the atomic dipole contribution is not 
large enough to outweigh the deficiency in the NH bond dipole 
component in the symmetric mode. The calculated values of 
(sM/dt) for these compo-unds from equations (12) and (13) are 
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TABLE n 

Relative Contributions of NH Bond Moments to the Re¬ 
sultant Dipole Moment Change in the NH 2 Group, for a 
Fixed Vibrational Amplitude and Fixed Charges on the N 
and H Atoms 


ec) 

Asymmetric Mode 
(dipole moment change along 
external bisector of A HNH)* 

Symmetric Mode 
(dipole moment change along 
internal bisector of ^ HNH) 

90* 

1.00 

1.00 

(sp’) 109.4* 

1.16 

0.83 

113.6* 

1.20 

0.79 

(sp?) 120* 

1.26 

0.71 


•In the asymmetric mode this dipole moment change reverses sign after every 
half-cycle of the vibration. 


0.8 and 0.6 D/A, respectively. The enhancement of 0.2 D/A 
in the value based on A, reflects the lone pair contribution. 

As the substituent constants become more positive and the 
HNH angle begins to approach the trigonal angle of 120”, the 
lone pair orbital becomes more extensively delocalized over 
the aromatic ring. Since the lone pair conjugation vrillvary 
during a complete vibrational cycle as already described, this 
should lead to a gradually increasing n--electron component as 
6 increases. This is no doubt a dominant factor in determining 
the intensities, and explains the pronounced rise in the (dM/dt) 
values as calculated from A, by a method which neglects this 
contribution (Fig. 9). When 6 is large, the v-electron compo¬ 
nent (Fig. 5c) more than outweighs the deficiency in the NH 
bond dipole contribution in the synunetric mode relative to the 
as 3 nnmetric mode (Table 11). These results, as summarized in 
Table III, also esqplain the crossing of the log A,/a and log A^t/ir 
correlation lines near o=0 (parent compound, aniline*) pre¬ 
viously reported by lis [9], 

The calculated (dM/dr) values based on A,, are probably 
reliable as far as order of magnitude is concerned. Figure 9 
shows that this value rises slightly as $ increases, which is 
predicted (Table II). The bond dipole gradients for ortho- 
substituted anilines are slightly larger than those for the cor¬ 
responding meta- and para-anilines, as based on both A, and 
A,a. This is a more sensitive plot than Fig. 2, which does not 

•Coulson [46] has calculated die' tt- electron density on the nitrogen atom In aniline 
to be 1.91, iiatng an M.O. method. This Is consistent with an HNH angle of about 
111.7* as found In this work. 



Resultant Dipole Moment Cbapgre in the NHa Group 


84 


PETER J. KRUEGER 



♦Refer to Fig. 5 for tbe identity of the components. 
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take HNH angle changes Into account. Slight enhancement of 
(dif/tfr) on ortho-substitution would be expected to show up in 
calculations based on both vibrational modes if intramolecular 
hydrogen bonding were Involved. For 2,6-dinitroaniline, (Oi/dr) 
based on the symmetric mode is xmusually low (also see point 
63 in Fig. 2), whereas the largest value is obtained from cal¬ 
culations based on the asymmetric mode. This must arise from 
abnormal charge fluctuations in the doubly-chelated amino 
group depending on the relative movement of the H atoms with 
respect to each other and to oxygen atoms. 

Further evidence for this vibrational interpretation is 
provided by the log /4, and log A,, correlations with aj and agac- 
cording to equation (5). For the asymmetric vibration, («/jS) 
was found to be 1.7, whereas for the symmetric vibration this 
ratio was 1.1, indicating that A, is much more sensitive to the 
resonance effect than A„. 

In liquids and solutions collision broadening is considered 
to be the dominant factor contributing to vibrational band 
width, since Ramsay [22] has concluded that natural line widths 
would be ~ 10”® cm“^, and Doppler broadening would lead to 
widths of only ~ 10”® cm"^. The decrease in as the sub¬ 
stituents become more electron-withdrawing can now be at¬ 
tributed generally to a rise in force constant, which makes 
the solvent perturbation of energy levels less significant. How¬ 
ever, such factors as a certain amount of torsional libration 
of the -NH 2 group relative to the aromatic ring, without 
significant loss of w-electron overlap, cannot be excluded,* 
Such torsional motion would no doubt lead to band widening, 
and would decrease with increasing C-N bond order. Califano 
and Moccia [48] have assigned some of the additional vibra¬ 
tions of the -NH 2 group in a few substituted anilines, and 
Stewart [49] reports the -NH 2 torsional oscillation (twisting 
of the C-N bond) in the far infrared at ~290 cm"*. Further 
studies on substituent effects on these vibrational modes are 
now in progress. 

In ortho-substituted anilines the half-band widths are 
significantly narrower than for the corresponding meta- and 
para-compounds (Fig. 4). This narrowing is ascribed to a 
decrease in the number of effective collisions of solvent mole¬ 
cules with the amino group due to the shielding nature of the 

*JODes et al. [47] have suggested that In ortho-substituted acetophenones the acetyl 
grot^ may actually be In a state of mlnlnnim energy vihen It is displaced slightly 
from the plane of the ring. 
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Fig. 10. (a) Steric hinxJrance to solvation in 2,6-<il-fer< -butyl- 
anUine.^)^ Typical high resolution amine absorption sroectra 
(dilute CXII 4 solution). 


- aniline 

.. 4-terf-butylaniline 

2,4,6-tri-.tert-butylanillne 
-2-^er^-butylaniline 

adjacent substituents. As expected, 2,4,6-tri-tert-butyl, 2,5-di- 
Jert-butyl, and 2-(er^-butylaniline (points 5,11, and 17) show 
narrowing. Scale molecular models show that 
the NH 2 group must be vibrating in what is effectively a methyl 
m 2,4,6-tri-te7t-butylanillne (shown schematically in 
Fig. 10a). Free rotation of the tert-butyl groups is not possible. 
Wepster and co-workers [50] report that the base strength of 
2,6-di-tert-butylaniline is lower by 10* than would be expected, 
and Bartlett et al. [51] found the pK.* of 2,4.6-tri-tert-butyl- 
< 2 (in comparison with pK^ values of 4.14, 4.00, 
and 3.39 for aniline, pwert-butylaniline, and o-tert-butylaniline, 
respectively). Both anomalies were ascribed to steric hinHranop 
to solvation. Very narrow bands are also observed in 0 -phenyl- 
enediamlne. ^ 

narrow band widths for ortho-substituted compounds 
^e in agreement with the concept of Intramolecular hydrogen 
bonding, since the interacting distance involved and the rota- 
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tional configuration of the amino groupis extremely restricted, 
especially as the lone pair conjugation with the aromatic 
IT-electrons increases. A further loss of degrees of freedom 
of the system occurs on hydrogen bond formation [40]. 

The high resolution measurements indicate that almost all 
the NH 2 bands have some asymmetry on the low frequency side. 
The significance of this is not yet known. Cabana and Sandorfy 
[52] have pointed out a similar effect in the CsN stretching 
vibration in benzonitriles, and have suggested an intramolecular 
Stark effect where highly polarizable groups are involved. 
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SOLVENT EFFECTS ON THE INFRARED SPECTRA 
OF ORGANOPHOSPHORUS COMPOUNDS* 

John R. Ferraro 

Argomie National Laboratory 
Argonne, Illinois 


ABSTRACT 

Solvent effects on the P 0 and [P-0]G absorptions 
in organophosphorus compounds of the type (GO)jP->0, 
(G 0 ) 2 G'P-> 0 . [(G 0 )G'P 0 ( 0 H)] 2 . t(GO) 2 PO(OH)] 2 , andGjP-^O 
are described, in which G is an alkyl or aryl group. TTie un¬ 
associated phosphoryl dipoles are affected by solvents in a 
manner similar to the carbonyl dipole. The consequences of 
the solvent effects on the physical properties of these com¬ 
pounds are discussed. 


INTRODUCTION 

Interaction of the P 0 dipole in organophosphorus com¬ 
pounds with alcohols and phenols using infrared methods of 
investigation have been reported [1-7]. Bellamy [8-11] has ob¬ 
served the solvent effects on the infrared spectra of the com¬ 
pounds POCI 3 and (CHs) 2 HP-» 0 . The importance of organo¬ 
phosphorus compounds as metallic extractants, where they 
are used with an organic diluent, motivated further studies as 
to the effect of these diluents. In the use of compounds of the 
type (G 0 ) 3 P-> 0 , G 3 P-» 0 , (G 0 ) 2 G'P->- 0 , [(GO)G'PO(OH)h, 
and [(G 0 ) 2 P 0 ( 0 H )]2 as metallic extractants, it was apparent 
that the diluent or solvent used had a depressing effect on the 
distribution coefficients of the metal extracted [12,13]. The 
solvent effects on the P -* 0 bond in these compounds there¬ 
fore appeared to be appreciable. Studies of the effects of the 
various diluents on the phosphoryl stretching vibration of the 
compounds tri-n-octyl phosphine oxide, tri-n-butyl phosphate. 

Based on work performed under tlie auspices of die US Atomic Energy Conunlssion. 
*Published in die Journal of Applied Spectroscopy. 
tG Is an alkyl or aryl group. 
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dl(2-ethylhexyl)phosphoiic acid, 2-ethylhexyl hydrogen 2-eth- 
ylhexylphosphonate, and dlbutyl bxityl phosphonate would be an 
approach to determining the magnitude of these effects. This 
paper reports on such an infrared investigation. 

EXPERIMENTAL 

The infrared studies were made with a Beckman Model 
IR-4 Infrared Spectrophotometer and a Perkin-Elmer Model 
221 infrared Spectrophotometer in matched cells ranging from 
0.0125-mm thickness for di-(2-ethylhexyl)phosphoric acid and 
0,025-mm for the other compounds. The solution spectra were 
solvent compensated, and concentrations of 0.05 M were used. 
The use of higher concentrations was precluded because of 
possible solute interactions, and the use of greater cell 
thickness presented the problem of increased losses in energy 
because of solvent absorption. The solvents used were of the 
following purity: n-hexane, b. p. 68-69®C, Matheson, Coleman 
&Bell Co.; cyclohexane, spectroscopic grade, Matheson, Cole¬ 
man & Bell Co.; benzene, spectroscopic grade, Eastman Or¬ 
ganic Chemicals; carbon tetrachloride, spectroscopic grade, 
Eastman Organic Chemicals; chloroform,* reagent grade, 
Merck.& Co.; acetone, reagent grade, Fisher Scientific Co. 
(dried over anhydrous CaCl 2 before use); and absolute meth¬ 
anol, analytical reagent grade, Mallinckrodt Chemical Works. 
The tri-fi-octyl phosphine oxide (I) was obtained from Eastman 
Organic Chemicals and was used without further purification. 
The tri-n-butyl phosphate (II), also from Eastman Organic 
Chemicals, was purified as previously reported [14]. The 
purification of di(2-ethylhexyl)phosphoric acid (III) and 2-eth¬ 
ylhexyl hydrogen 2-ethylhexylphosphonate (IV) was also pre¬ 
viously reported [15,16]. Dibutyl butyl phosphonate (V) was 
from Virginia-Carolina Chemical Corp. and was purified in a 
manner similar to tri-n-butyl phosphate [14]. (The above 
organophosphorus compounds are referred to in the following 
discussion by their corresponding Roman numerals.) 


RESULTS 

The effects on the phosphoryl stretching frequency in these 
compounds in such solvents as n-hexane, cyclohexane, benzene, 
carbon tetrachloride, chloroform, acetone, and methanol are 
♦The diloraform was freed from its stabilizer using the method of Halpem [5]. 
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TABLE I 

Phosphoryl Absorptioii of Several Organophosphorus Compounds 
in Various Solvents (cm"^) 



Tri-n-oc- 
tyl phos¬ 
phine 
oxide 

Tri-n-bu¬ 
tyl phos¬ 
phate 

2-Ethylhexyl 
hydrogen 2- 
ethylhexyl - 
phosphonate 

Di( 2-ethyl- 
hexyl)phos- 
phoric acid 

Di-ji-butyl 
n -butyl 
phosphonate 

Liquid 

1170 M 

1280 M 
1260 M 

1210 S 
Broad 

1233 S 

1255 M 

SoUd 

1150 M 





n -Hexane 

1200 W 

1292 M 
1272 M 

1221 M 

1233 S 

1255 M 

Cyclo¬ 

hexane 

1200 W 

1290 M 
1275 M 

1217 M 

1233 S 

1256 M 

CC 14 

1170 W 

1278 M 
1270 M 

1216 M 

1233 S 

1250 M 

CeHfi 

1184 W 
1171 W 

1280 M 
1260 M 

1209 M 

1230 S 

1252 M 

CHOs 

1144 M 

1260 M 
Broad 

1209 M 

1233 S 

1210 M 

1248 M 

Acetone 


1280 M 
1235 M 
1218 M 


1240 S 

1220 M 


CHPH 

1133 M 
1110 W 

1255 M 
Broad 

1200 M 

1230 M 
Broad 

1220 M 

1236 M 


tabulated in Table 1. The solvent effects increase as the sol¬ 
vent becomes more polar. The ratio of absorbance (P-0)G/ab- 
sorbance (P-^0), using the peak intensities, remains rather 
constant in less polar solvents. As the solvent becomes more 
polar, the ratio in (II) and (IV) decreases, while for (V) it re¬ 
mains rather constant in these solvents. For (III) the ratio 
shows an increase. Although the ratios in peak intensities used 
in this comparison are at best only qualitative, they do indicate 
that changes may also be occurring at the (P-O)G bond. In 
addition there is a tendency for the (P-O)G absoi^Jtion to 
broaden and to shift toward higher frequencies in the more 
polar solvents. This shift is in the same direction as was found 
for the hydrogen bonding of triethyl phosphate [5], 
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TABLE II 


Values of b.v/v for Various Organophosphorus Compounds and 
Acetophenone with Various Solvents • 


Solvent 

Tri-n- 

butyl 

phos- 

phatet 

Di-n-bu¬ 
tyl n-butyl 
phos¬ 
phonate 

Di(2-eth- 

ylhexyl)- 

phosphoiic 

acid 

2-Ethylhexyl 
hydrogen 2 - 
ethylhexyl- 
phosphonate 

Tri-n- 

octyl 

phosphine 

oxide 

Aceto¬ 

phenone 

[8-9] 

n -Hexane 
Cyclo¬ 

- 

- 

- 

- 

- 

- 

hexane 

1.5 

0 

0 

3.3 

0 

0.6 

Benzene 

9.3 

2.4 

0 

9.9 

13.3 

4.1 

CCI 4 

10.8 

4.0 

0 

4.1 

25 

3,0 

CHCla 

24.8 

5.6 

2.4 

9.9 

46.7 

8.3 

CH 3 OH 

28.6 

15.1 

2.4 

20.6 

55.8 

4.1 

10.0 


•v*rs the P->'0 frequency In then-hexane solution and A/y is the difference between 
this frequency in the n-hexane solution and in the other solvents, 
tlhis colunin shows only the results for the P -^0 absorption at the higher fre¬ 
quency. 



0 10 20 30 40 50 60 


A ytv^ X 10® 

Plot of of acetophenone vs. Av/y* for the organt^hos- 
phorus compounds dip-ethylheayl^hosphoric acid (HDEHP) 
di-n-hutyl n-butyl phosphonate (DBBP); 2-ethylhexyl hycto- 
gen 2-ethylhexylphosphonate [HEH(EHP)]; trl-n-butyl phos¬ 
phate (TBP); trl-n-octyl phosphine oxide (TOPO). 







SOLVENT EFFECTS OH INFRARED SPECTRA 


93 


Bellamy [8,9] has plotted for X=0 dipoles vs. Av/vof 
acetophenone, obtaining straight lines. The frequency v of the 
gas spectrum was taken as the starting point. For the com¬ 
pounds studied in this work it is extremely difficult to obtain 
the frequency of the gas spectra, since the liquids (II), (El), 
(IV), and (V) are very hij^ boiling, and (I) is a solid. There¬ 
fore, the frequency in n-hexane (v’) was used as the starting 
point. Table II shows the tabulated ^v/v' results, and the figure 
shows a plot of Av/v' for the organophosphoinis compounds vs. 
Av/v' for acetophenone. Straight lines are obtained and slopes 
of 0.3 and 0.2 are found for (II) and (I), respectively, while a 
large slope is obtained for (El). For (IV) and (V) the points are 
better fitted with 2 straight lines, the slope of the initial line 
being steeper than that of the second. It can be seen from the 
figure that the P-» O bond in (I) is of greater polarity than (E), 
which is greater than (IV) and (V). The compound (IE), which 
is a dimer indEute solutions of n-hexane, cyclohexane, benzene, 
and carbon tetrachloride [17], is extremely resistant to sol¬ 
vent effects, untE one goes to high polar solvents such as 
acetone, chloroform, or methanol, which wiU break down the 
dimer. 


DISCUSSION 

The experimental results indicate a difference in the po¬ 
larity of the phosphoryl dipole depending on the nature of the 
molecule or the environment around the dipole. The neutral 
organophosphorus molecules show a much more polar phos¬ 
phoryl bond than the di(2-efhylhexyl)phosphoric acid t 3 q)e. 
As expected, (I) shows the most polar phosphoryl bond of the 
five types of compounds studied. This is in agreement with the 
infrared results showing a phosphoryl absorption in (I) at a 
lower frequency than the other compounds. Tlie P O dipole 
in (E) appears to behave like (I). Thus, the neutral organo¬ 
phosphorus compounds containing exposed P O dipoles are 
more easily affected by solvents. In the plots shown in the 
figure straight lines are obtained. The results compare favor¬ 
ably with those of Bellamy [9] for simEar compounds, such as 
(CHs )2 HP-^0 and POCls- Compounds (IV) and (V) appear to 
show diff erent behavior, and have a break in the slope line. 
Initially, with low polar solvents, the effects are small. How¬ 
ever, with a more polar solvent such as alcohol, there is a 
break and the new line approaches the slope of compounds (I) 
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and (II). This might be caused by a difference in behavior for 
these solutes in the various solvents from that observed for 
acetophenone. However, in compound (IV) it is also possible 
that initially in the low polar solvents the predominant ag¬ 
gregation is dimeric, and the associated P -» O dipole is thus 
less available for interaction with the solvent than is the un¬ 
associated P-»0 dipole in (I) and (11). Generally, these four 
classes of compounds appear to have a P*-> O dipole of a 
polarity somewhere between that of the CO dipole in aceto¬ 
phenone and the SO dipole in dimethyl sulfoxide [9]. 

The P-»0 stretching frequency in di(2-ethylhexyl)phos- 
phorlc acid is independent of the nature of the solvents. This 
is probably due to the strong dimers formed this class of 
acids. Until the ring can be ruptured the phosphoryl bond re¬ 
sists any solvent effects. Polar solvents like chloroform, 
acetone, or methanol are capable of breaking the ring and of 
interactmg to form hetero intermolecular compounds, causing 
definite effects on the phosphoryl bond. This behavior is 
similar to that found for pyrrole [18] and other dimers [19], 
and is an indication that the P—> O bond in (III) is only very 
slightly polar as long as it is part of a strong dimeric ring [15], 
Isopiestic molecular weights [17] obtained in various solvents 
indicated that (III) was predominantly dimeric in dilute solu¬ 
tions of n-hexane, cyclohexane, benzene, and carbon tetra¬ 
chloride, began monomerizing only in chloroform and acetone, 
and was monomeric in methanol. The molecular weight results 
parallel the results obtained in infrared. The difference in 
solvent behavior between (III) and (IV) is probably due to the 
difference in the stability of the dimers. The acid (IV) dimer, 
which in very dilute solutions inthese solvents appears to break 
down [17], shows less resistance to solvent effects than (III). 

The use of organophosphorus compounds for the solvent 
extraction of metal cations is well known. Most of the extrac¬ 
tions are carried out in an organic phase using a diluent or 
solvent such as those usedmthisinvestigation.lt is interesting 
to note the consequences of these solvent effects on the metal 
extraction. In the neutral organophosphorus compoimds, the 
more polar phosphoryl bond will interact with the solvent, thus 
removing the cation extraction sites, which should cause a 
lower distribution coefficient. An investigation in our laboratory 
[12,13] involving organophosphorus compounds of the type 
described in this paper substantiates this. For example, ex¬ 
traction of promethium into an organic phase of 1,1,1,-tri- 
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fluoro-3-2.'-thenoyl acetone and TBP Is highest for cyclohexane 
and decreases in the order n-hexane >■ carbon tetrachloride > 
benzene > methyl isobutyl ketone > chloroform. Similar re¬ 
sults have been obtained with the acidic type of compounds and 
the more polar the diluent the lower the distribution coeffi¬ 
cients [20,21]. 

It is very important then that the distribution coefficients 
of metal extractions be compared only when the so-called 
inert diluent or solvent used is the same. To compare distri¬ 
bution coefficients of metallic extractions into organophos- 
phorus compounds when the diluents vary from n-hexane to 
methanol is meaningless. 
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ABSTRACT 

High-resolution proton magnetic resonance spectra were 
determined for the dimethylcyclohexanes and several related 
hydrocarbons between —130®C and 130®C. All of the compounds 
which should undergo rapid ring inversion at room tempera¬ 
ture produce spectra which change on cooling because of 
freezing out" of this motion. The assumption that appearance 
of the ring-hydrogen resonances as a relatively narrow band 
is mvariably a symptom of rapid ring inversion is shown to be 
ouMed. Several of the ring spectra differ drastically from 
what is predicted using a bond-anisotropy model. A previously 
unrecognized effect, then, must make a significant contribution 
to the observed chemical shifts. 


INTRODUCTION 

In view of the increasingly widespread use of nuclear mag¬ 
netic resonance (NMR) spectroscopy as a tool for conforma¬ 
tional analysis [1-7], it is important to try to arrive at a de¬ 
tailed understanding of the hydrogen NMR spectra of compounds 
related to cyclohexane. The spectra of the seven dimethyl- 
c^lohexanes which are of interest in this connection have been 
ottamed [3.4] at room temperature and at 40 Mcps. Following 
me discovery made by Jensen and co-workers [5], and in¬ 
dependently in this laboratory, that the axial and equatorial 
protons of cyclohexane produce separate NMR signals at -95®C, 

^ published In The Journal of Chemical Phvsics This work was 
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it was decided to reinvestigate the spectra of these compounds 
at high resolution over a wide temperature range. The purpose 
of this paper is to present a number of quite unexpected results 
obtained in the course of this work. Several possible expla¬ 
nations of the observed anomalies were considered and found 
inadequate, especially when the data were supplemented by 
including other alkyl-substituted cyclohexanes. 

EXPERIMENTAL 

Methylcyclohexane, the dimethylcyclohexanes, and i-butyl- 
cyclohexane were provided by the National Bureau of Standards. 
Fhirified CIS-1.1,3,5-tetramethylcyclohexane was kindly made 
avedlable by Professor N. L. Allinger. The cis-and frons-decalin 
were prepared from the commercially available isomer mix¬ 
ture by fractional distillation. Chromatographic analysis showed 
that the isomeric purity of each sample was better than 90^. 

The 1,4-methyl-i-butylcyclohexanes were prepared by hy¬ 
drogenation [8] of para-f-butyltoluene using W-2 Raney nickel 
[9] catalyst. The isomers were cleanly separated chromato- 
graphically using a 20-ft column of 25^^ Ucon Polar on 42/60 
mesh firebrick. 

The other compounds studied and the solvents were com¬ 
mercial materials purified by simple distillation on the vacuum 
line. Ihe NMR spectra showed no significant traces of hy¬ 
drogen-containing impurities. Unless otherwise stated, samples 
were solutions of alwut 30 mole ^ of hydrocarbon in carbon 
disulfide to which a trace of tetramethylsilane had been added 
to produce the reference signal. 

The spectrometer system consisted of a V 4311 high-reso¬ 
lution NMR spectrometer with VK 3506 field stabilizer, a 
V 4365 field-homogeneity control unit, and a VK 3507 slow- 
sweep unit.* A V 4340 variable-temperature probe assembly 
was used as required. Operation of this equipment below the 
minimum temperature of -60"C specified by the makter con¬ 
stitutes a calculated risk. Most of the data presented here were 
obtained before thermal stresses resulted in breaking of the 
Dewar insert. Temperatures were measmred with a copper- 
constantan thermocouple junction built into the Dewar insert. 

Peak positions were deteimined by graphical interpolation 
between sidebands of the reference signal, produced with a 
200J audio oscillator used in conjunction with a 512C electronic 
*Manufactured by Varlan Associates, Palo Alto, Csltforula. 
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couater.* Most ol the measurements were made with an os¬ 
cillator frequency of 60 Mcps, but several of the spectra were 
obtained at 56,4 Mcps, as indicated in the text and figure 
captions. 

RESULTS AND DISCUSSION 

Compounds without Axial Substituents 

C/cIohexane, bicyclohex/l, ond frons-decalin. Cyclohexane atrOOm 
temperature and 56.4 Mcps produces a sharp line at —80 cps 
(—1,42 ppm). At —90®C the spectrum appears as shown in 
Fig. la with maxima at -97, -90, -69, and -63 cps. It is 
probable [5] that the center of the downiield pair of peaks at 
—1.65 ppm approximately represents the "normal" chemical 
shift of equatorial protons and that the normal shift for axial 
protons is about -1,17 ppm. 

Bicyclohexyl consists of two cyclohexyl rings joined so 
that each has the other as a rather bulky substituent which 
strongly prefers an equatorial position. Then the molecule is 
essentially fixed in one conformation even at room temperature. 
The spectrum (Fig, lb) is unaffected by temperature changes 
and so similar to the low-temperature spectrum of cyclohexane 
as to suggest that the axial-equatorial shift is the only major 
type of magnetic nonequivalence for the various ring protons. 
In view of the magnitude and variety of the expected indirect 
spin-spin couplings, it is not surprising that no distinct spectral 
feature attributable to the methine hydrogens can be identified. 
This, together with the fact that the two major regions of 
resonance partially overlap, makes it imp)ossible to use the 
peak areas to test the assumption that the equatorial protons 
(outnumbered by axial ones inthe ratio of 12:10) indeed produce 
the signals at lower fields. 

The compound trans -decalin is also fixed in a single con¬ 
formation [1,6]. Its spectrum at 56.4 Mcps is very similar to 
those just described [10]. 

Metbylcydohex^, t|.a„s.l^2.diinethylcycIoliexane, and frons-L4-dl. 
ttiethyleyclohexane. The spectrum of methylcyclohexane obtained 
m this study agrees precisely with that recently reported by 
et [11], The molecules are exchanged rapidly between two 
conformations, one with an axial and the other with an equa¬ 
torial methyl group. More than 95^ of the molecules are of the 
latter type at any instant, and the time-averaged spectrum is 
^Manufactured by Hewlett-Packard Company, Palo Alto, California. 
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(a) 



Fig. L NMR spectrum of cyclohexane at 56.4 Mcps 
and -90®C (a) and blcycloh^l at 60.0 Mqps p)). In 
each sfpectrum the positions of the tetramethylsilane 
resonance and an audio-sideband at -120 cps are 
indicated. 


essentially that of this conformer. Accordingly the signals due 
to the ring hydrogens look much like those of bicyclohexyl or 
"frozen" cyclohexane, and there is no appreciable change in 
the spectrum with temperature. The methyl doublets of methyl- 
cyclohexane ai3d a tetradeuterated species were carefully in¬ 
vestigated by Anet [11], who concluded from the intensity ratios 
that- the methine proton resonance must lie at —82 cps, al¬ 
though this cannot be verified by direct observation. 

The compounds ft’ans-l,2-andirans-l,4-dimethylcyclohexane 
produce rather similar, temperature-independent spectra 
(Fig. 2a, b). Essentially all the molecules adopt the conforma¬ 
tion having both -methyl groups equatorial. The designation ee 
will be used for such a conformation, as opposed to oe when 
there is one axial and one equatorial substituent. The ring- 
hydrogen spectra are unusual only in that the axial signals are 
shifted upfield so that they overlap partially with the methyl 
resonances. A striking peculiairity, first noted byMusher [4] is 
that the methyl signals are singlets rather than doublets, 
although there may be some vestige of a doublet splitting for 
the 1,4-compound. 

Musher concluded that the methyl-methine spin-spin cou¬ 
pling constant must be nearly zero. To test this, it was decided 
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Fig, 2. NMR spectrum of 
trtms-1,2-dlmethylcycl6hex- 
ane at 60.0 Mcps (a); trans - 

1.4- dlixiethylcyclohexane at 
60.0 Mcps (b); and trans 

1.4- niethyl-^-butylcyclohex- 
ane at 56.4 Mcps (c). 

to observe the signals due to naturally present ^-methyl 
groups, occurring about 62 cps upfield from the ordinary 
methyl signals. If the coupling constant were nearly zero, 
these C sidebands should also be singlets. If instead the 
methyl resonance is unsplit because it and the axial methine 
proton signal fall at the same field, the sidebands should show 
a normal fine structure [12], 

The sideband for the 1,2-compound is about 6 cps wide 
^th a flat-topped contour suggestive of a very poorly resolved 
doublet. For the 1,4-compound a well-resolved doublet is found 
with a separation of 5.5 cps. It may be concluded that the 
methyl-methine coupling constant has a normal value. The 
mstorted shapes of the sidebands result from the coupling 
between the methine hydrogens and other ring hydrogens [11], 



(c) 
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Fig. 3. NMR spectrum of 
c is -1, S-dimethiylcycldhex- 
ane at 60.0 Mcps and two 
different levels of amplifi¬ 
cation. 


The resonance of the axial methine proton in each of these 
compounds must nearly coincide with the methyl resonance. 
However, a chemical shift near -0.9 ppm for these protons 
is very surprising. 

trans-1,4-M«thyl•^butylcyclohexall•. The spectrum of the lower- 
boiling isomer of 1,4-methyl-i-butylcyclohexane is shown in 
Fig. 2c. The similarity of this spectrum and that of tr(»is-l,4-di- 
methylcyclohexane helps to establish that the more volatile 
material is the trms isomer, as expected from Allinger's 
conformational rule [13]. As will be pointed out later, the 
higher-boiling 1,4-methyl-f-butylcyclohexane produces a spec¬ 
trum quite similar to that of cis-l,4-dimethylcyclohexane, 
further supporting this identification of the isomers. 

CIS-1,3-Diin.thylcyclohexane. Figure 3 shows the spectrum of 
the remaining dimethylcyclohexane with an ee conformation. 
Two features of the spectrum attract attention. First, the 
methyl resonance is a nicely resolved doublet, showing that 
once more the axial methine resonance lies downfield, probably 
beyond -85 cps. Second, the axial ring-proton resonances have 
components spread over a range extending to about 72 ppm 
above the methyl region. Thesepeak positions are undoubtedly 
affected by spin-spin couplings, but unusually high chemical 
shift values for one or more methylene protons must also be 
involved. 
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60,0 Mcps three different temperatures. The pair 
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Compounds with One Axial Substituent 

A '{f-l'2.«lm.thylcycloh«an., ond c/s-decplin. 

1 ^ Similar substituents which cannot be si- 

Srf*“ contonnaaoas Of 

^ At loom tom- 
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It was expected that when the temperature was sufficiently 
reduced, spectra due to the conformationally fixed species 
would be observed. Indeed, Figs. 4-6 show that the spectra 
change on cooling, and it is believed that these changes result 
from conformational "freezing." Contradictory findings have 
been reported by others [6,7]. However, Jensen and his co¬ 
workers [14] also found temperature variations in the spectra 
of the met dimethylcyclohexanes and agree with the conclusions 
reached here; that in each case the barrier for interconver¬ 
sion is of the same order of magnitude as that found for 
cyclohexane [5], and that below -100®C ring inversion is ef¬ 
fectively frozen out. 

It follows that for oe dialkyIcyclohexanes with fixed 
conformation the ring resonances remain confined within 
a relatively narrow region around -80 cps, and the "normal" 
equatorial-proton band near —100 cps and axial band near -65 
cps do not occur. 

cis-1,4* and trons-1,3-Diinethylcyclohaxane. Figures 7 and 8 show 
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Fig. 6. NMR spectrum of cis-decalln at 56.4 Mcps as a 
function of temperature. 


the spectra of the two remaiiimg ae dimethylcyclohexanes at 
several temperatures. Ring inversion apparently freezes out 
as the temperature is reduced, but again the ring resonances 
form a rather narrow band at the lowest temperatures. Some 
relatively minor, new features are also apparent. 

The ring-hydrogen spectrum of frcms-l,3-dimethylcyclo- 
hexane at room temperature displays a remarkable amount of 
fine structure. This structure has disappeared at low tem¬ 
peratures, but then an unusual group of signals is found in the 
methyl region. Apparently the methyl groups are magnetically 
nonequivalent when the conformation is fixed. This is expected 
for aU the ae isomers but was not found for 1,1- and cis-l,2-di- 
methylcyclohexane. Interpretation of the signals in the methyl 
region is made difficult by the possibility that some of the in- 
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Fig. 7, NMR spectrum of 
c is -1,4-dimethylcyclohex- 
ajne at 60.0 Mcps and three 
different temperatures. 


tensity there may be due to one or two of the ring protons. 
This is suggested by the appearance of the spectrum at -TS'C, 
where the "ring" and "methyl" peaks seem nearly equal in area 
although the theoretical intensity ratio is 10:6. 

The compound cis-1,4-dimethylcyclohexane also shows an 
interesting temperature-dependence for the methyl doublet. 
At 25*0 the low-field component is the more intense, as ex¬ 
pected if the averaged chemical shift of the methine protons 
is about -80 cps. At low temperatures, the doublet components 
are somewhat broadened, and the order of intensities is 
reversed. Apparently die two methyl groups again become 
nonequivalent, and one of them (more likely the axial) produces 
a doublet while the other produces a singlet like that found in 
the Irons -1,2- or irons -1,4- isomer. The observed spectrum 
suggests that the singlet approximately coincides with the high- 
field component of the doublet. It remains unexplained that no 
similar effect is found for the cis-1,2-Isomer. 



.08 


NORBERT MULLER AND WILLIAM C. TOSCH 




Mq)S as a function of teix^erature. 

c/5-1,4-Methy l-f-butylcyclohexane. The preceding discussion tends 
to the conclusion that an unusually narrow band of ring-hy¬ 
drogen resonances will be encountered whenever a dialkyl 
cyclohexane is fixed in an oe conformation. The compound 
cfs-l,4-methyl-f-butylcyclohexane was prepared in order to 
test this generalization. 

It has been convincingly argued [15] that a t -butyl substituent 
forces a cyclohexane ring to adopt the conformation which 
permits this bulky group to occupy an equatorial site. There is 
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Fig, 9. NMR spectrum of 
c is -1,4-methyI- ^-butylcy- 
clohexane at 56.4 Mcps. 


then no question of ring inversion for either isomer of 1,4- 
methyl-i-butylcyclohexane. As noted previously, a "normal" 
ring spectrum with distinctly separated equatorial and axial 
peaks was found for the ee trans isomer. The temperature-in¬ 
dependent spectrum of the cis isomer is shown in Fig. 9. It 
closely resembles the anomalous spectrum found for cis-1,4-di- 
methylcyclohexane at —130®C, except for the obvious difference 
in the methyl signals. This result strongly suggests that the 
anomalous low-temperature spectra of the ae dimethylcyclo- 
hexanes and cis-decalin should not be ascribed [6,7] to per¬ 
sistence of rapid ring inversion below -100®C. 

cjs-l,l,3,5.Tetramethylcyclohexane . This compound was also 
Studied because it is conformationally fixed at room tempera¬ 
ture with one axial methyl group. The spectrum (Fig. 10) shows 




Fig-10. NMR spectrum of 
cis-1,1,3,5-tctraniethylcy- 
clohexane at 56.4 Mcps and 
two different levels of am¬ 
plification. 
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several unusual features. The two strong, broad peaks centered 
near -88 and -74 cps do not correspond to the "normal" axial 
or equatorial hydrogen chemical shifts. Some of the ring- 
hydrogen signals lie upfield from the methyl resonances, the 
highest at about -18 cps. Analogous signals were found (see 
preceding discussion) in the spectrum of cis-1,3-dimethyl- 
cyclohexane. Apart from the unusual effects associated with 
the presence of an axial methyl group, anomalous upfield 
shifts for some of the ring protons seem to occur whenever 
two equatorial methyl substituents are bound to ring carbons 
separated by one methylene group. Preliminary observations 
[16] of the spectra of the two hexahydromesitylenes appear to 
confirm this. 

IntramoUcular Origin of tho Anomalous Shifts 

Early in this study it seemed possible that the observed 
anomalies might be due at least in part to intermolecular 
interactions. The spectra of several of the compounds were 
therefore observed not only in carbon disulfide solutions but 
also as pure liquids and as dilute solutions in benzene, tetra- 
methylsilane, and methyl iodide. Although in some cases the 
solvent change produced an over-all shift- of the spectrum by 
1 or 2 cps, there was never any detectable change in the rela¬ 
tive positions or intensities of the peaks. It was' concluded that 
the environment of the hydrocarbon molecule has no significant 
effect on the spectrmn. 

Thuoretical ConsiJtratiens 

The major unexpected results in need of rationalization may 
be briefly summarized as follows: 

1. Tbe "normal" chemical shift difference between axial 
and equatorial ring protons is drastically reduced in those 
dimethylcyclohexanes and related hydrocarbons which have one 
axial alkyl substituent. 

2. Very different chemical shifts are found for the axial 
methine protons in pairs of compounds—such as methylcyclo- 
hexane and trons-1,4-dimethylcyclohexane—for which it would 
seem intuitively that the environments of these protons must 
be closely similar. 

3. Portions of the ring spectrum for cis-1,3-dlsubstituted 
compounds are foimd at fields up to 0.6 ppm above the methyl 
resonances. 

It remains to be investigated whether these phenomena 
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perhaps follow in a subtle way when existing methods are used 
to predict the theoretical chemical shifts. 

An appealingly simple "bond-anlsotropy" model for cal¬ 
culating proton chemical shifts in hydrocarbons was proposed 
by Bothner-By and Naar-Colin [17] and used by Jackman [2] to 
rationalize the difference in shielding between axial and equa¬ 
torial protons in cyclohexane derivatives. This model was used 
to calculate all ring-proton shifts in methylcyclohexane and 
the seven dimetbylcyclohexanes, assuming for each molecule 
a single, rigid conformation and including [2] only effects of 
nearby bonds. The calculations were then repeated including 
all carbon-carbon bonds in the molecule. Since then, Musher 
[18] has proposed that this is a better procedure. It was found 
[10] that the two methods gave only slightly different results, 
as might be expected because of die occurrence of the factor 
l/r® in equation (5) of reference [171. 

At best the computed chemical shifts could not accmrately 
reproduce the observed spectra unless allowances were made 
for the many unequal spin-spin interactions. However, a 
general rough agreement between the predicted and observed 
spectra may be expected, and such agreement is found for 
cyclohexane [2] and methylcyclohexane [10]. For the other 
compounds there were major discrepancies [10] which may be 
summarized as follows: 

1. No tendency is predicted for the ring-proton resonances 
of ae dimetbylcyclohexanes to be grouped together any more 
closely than those of the ee isomers. 

2. The predicted position of the signal for the axial methine 
proton is always well downfield from the methyl resonance. 

3. None of the ring signals in cis-1,3-dimethylcyclohexane 
is predicted to occur at an exceptionally high field. The same 
was found for cis-1,1,3,5-tetramethylcyclohexane when the 
calculations were extended to this compound. The observed 
anomalies thus remain unexplained. 

In more recent work on the calculation of anisotropy ef¬ 
fects [18,19], it was suggested that allowance be made for 
small differences in the inductive effects of a hydrogen and a 
methyl substituent, and for shielding contributions arising in 
carbon-hydrogen bonds. The greater flexibility of such a model 
makes it more difficult to test rigorously, but the data presented 
here suggest that even with these modifications anisotropy 
calculations will fail to reproduce the observed shifts. This 



112 


NORBERT MULLER AND WILLIAM C. TOSCH 


conclusion may be supported by several qualitative arguments, 
two of which follow: 

1. The spectra of thel,4-methyl-t-butylcyclohexanes (Figs. 
2c and 9) show that moving the methyl group on carbon atom 1 
(Cj) from an equatorial to an axial site results in an upfield 
shift for the equatorial ring hydrogens which is about the same 
for those attached to C 2 and Cg as for those attached to C 3 and 
C 5 . The four axial methylene proton signals are shifted down- 
field, again all about equally. The anisotropy effect of a sub¬ 
stituent depends on the inverse cube of the distance between 
the substituent and the atom affected and on the angle between 
two appropriately chosen vectors. This makes it very unlikely 
that a change at will produce equal effects on protons bound 
to C 2 and protons bound to C 3 . Tlie inductive contribution to 
these shifts is surely negligible. 

2 . The compound irons-1,4-dimethylcyclohexane is derived 
from methylcyclohexane by substituting a methyl group for the 
equatorial hydrogen originally bound to C 4 . It was shown pre¬ 
viously that this substitution shifts the resonance of the axial 
methine proton attached to Cj by not less than 20 cps. The 
newly Introduced substituent produces this large shift across a 
distance of approxinaately 3.5 A. This could be ascribed to an 
anisotropy effect only if an unreasonably large value were 
assigned to the anisotropy in the magnetic susceptibility of the 
methyl group. Even if this were done, the signals from the ring 
methylene protons should then be drastically different for the 
two compounds, whereas in fact they are rather similar. 

It thus appears that the bond-anisotropy approach does not 
make it i)ossible to rationalize all of the data for these cyclic 
hydrocarbons, and that one must look for some additional fac¬ 
tor. Two possibilities suggest themselves: first, for the ae 
isomers the ring might adopt a boat or skew conformation; 
second, although remaining essentially in the chair form, the 
ring may be subject to angle-deformations resulting from 
steric strain which should be allowed for in the calculations. 

A rather considerable body of evidence [20,21] mdicates 
that the boat or skew conformations are too unstable relative 
to the chair to be seriously considered. The NMR evidence 
itself tends to the same conclusion. 

The occurrence of deformed chair structures has been the 
topic of several profitable discussions between Professor E. L. 
Eliel and the authors. The chief difficulty in using this idea to 
explain the anomalous spectra is that several of the compounds 
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involved have ee conformations and should be viirtually strain- 
free. Even for the as isomers, the following reasoning shows 
that the chemical shifts are not drastically affected by any 
ring deformation that may be present: 

The repulsion between the axial methyl substituent and 
axial hydrogens on the same idea of the ring may lead to ap¬ 
preciable deformation in cis-1,4-dimethylcyclohexane. In the 
CIS-1,2 isomer, if one attempts in a similar way to bend the 
axial methyl group away from the axial direction, the result 
is greatly increased interference between the two methyl 
groups. Ilius, the 1,2 isomer should have nearly normal bond 
angles, while the 1,4 isomer should show the effect of defor¬ 
mation. Since neither compound produces a "normal" spectrum 
at low temperatures, it seems unlikely that the anomalies arise 
from ring deformations. 

Finally, it may be asked whether postulating ring-current 
effects [1] would help to resolve the observed anomalies. By 
modifying the flow of ring-current, a substituent could produce 
effects on other protons which should be independent of their 
distance from the point of substitution. However, the attrac¬ 
tions of this approach soon fade if one considers, for example, 
the two 1,4-methyl-^-butyIcyclohexanes. It would be necessary 
to suppose that for the trans isomer the ring current is nearly 
the same as that in cyclohexane, but that for the cis isomer it 
is essentially zero. No justification has been found for sup¬ 
posing this. Moreover, even if it is assumed cd hoc that an 
axial methyl group quenches the ring current flow, only one of 
the three major observed anomalies could be so "explained." 

CONCLUSIONS 

1 . Of the compounds studied, only 1,1-, cis-l,2-,trcBis-l,3-, 
and cis-1,4-dimethylcyclohexane and cis-decalin produce spec¬ 
tra which vary with temperature changes. For each of these, 
the spectra show that the molecules undergo rapid ring in¬ 
version at room temperature, butthatbelow-100®C the spectra 
are those of the conformationally fixed species. 

2. The appearance of a relatively narrow region of ring- 
proton resonances does not, as has been widely supposed, 
necessarily imply that there is rapid ring inversion. 

3. There is no reason to postulate anomalous values for 
any of the spin-spin coupling parameters in this series of 
compounds. 
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4. A number of proton chemical shifts are found which 
cannot be adequately rationalized with a model based on the 
recognition only of inductive or bond-anisotropy effects, 

5. The observed spectra were essentially unaffected by 
changes of solvent, and hence the anomalies do not result from 
intermolecular interactions. 

6 . The difficulties of interpreting the spectra are not 
lessened by attempting to allow for hypothetical effects of ring 
deformations or ring-currents. 

7. It follows that a hitherto unrecognized effect contributes 
significantly to the obseirved proton chemical shifts in these 
hydrocarbons. The nature of this phenomenon is not yet un¬ 
derstood. 
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DETERMINATION OF FAT IN COEN AND CORN 
GERM BY WIDE-LINE NUCLEAR MAGNETIC 
RESONANCE TECHNIQUES* 

T. F. Conway and R, J. Smith 

George M, Moffett Research Laboratories 
Corn Products Company, Argo, Illinois 


INTRODUCTION 

In the last ten years, high-resolution nuclear magnetic 
resonance (NMR) spectroscopy has become an accepted tech¬ 
nique for elucidating molecular structure and motion. Yet 
despite its obvious potential for quantitative analysis, develop¬ 
ment has been slow. Because more stringent requirements are 
placed on the instrumentation for quantitative studies, most 
applications of high-resolution NMR spectroscopy concern 
structure-type problems. In contrast, commercial wide-line 
NMR has been used almost exclusively for quantitative analysis 
[1, 2], because instrumentation and techniques are simpler and 
more readily adapted to routine measurements. Corn Products 
Company has used wide-line spectroscopy in anal 3 ?tical re¬ 
search and quality control for atout five years; approximately 
300,000 samples have been analyzed in the plant control labo¬ 
ratory. The NMR technique offers several advantages: it is 
fast, nondestructive, precise, and accurate. 

This report describes the application of NMR procedures 
to the determination of fat in corn and corn germ process 
samples. 

Quantitative applications of nuclear magnetic resonance 
rely on the principle that the absorption signal intensity is 
proportional to the number of magnetic nuclei. For example, 
determination of fat in carbon tetrachloride is based on a 
measurement proportional to the total number of hydrogen 
nuclei associated with the fat molecules. Referring to Fig. 1, a 
theoretical NMR absorption spectrum, the area under the ab¬ 
sorption mode is proportional to the number of nuclei. This can 

be published in more detail in The Journal of the American Oil Chemists' 
Society. 
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Fig. 1. Theoretical nuclear magnetic resonance absorption spectrum. 


be seen from the following equation: 


C 


N 


Area = — x-i-x— 

r f (1 + y^HlTiTz)^ 


( 1 ) 


The term c includes the various nuclear and instrumental 
constants, T is the absolute temperature. Hi is the radio-fre¬ 
quency (r-f) driving field, r is the magnetic field sweep rate, 
and N is the number of nuclei. The bracketed expression in the 
denominator is called the saturation factor and shows the de¬ 
pendence on nuclear relaxation times. 

Quantitative determination of hydrogen, the principle in¬ 
volved in measurement of fat, has been reported for low- and 
high-molecular weight materials in solution [3,4], The present 
study extends this type of measurement to com germ milled in 
carbon tetrachloride and to com and com germ containing 
less than 5^ moisture. Spent com germ flake samples con¬ 
taining up to 11^ moisturewere also examined. All experiments 
were carried out over a sample temperature range of 75° to 
80° F. 

NMR spectra characteristics depend on the molecular mo¬ 
tion within the sample (Fig. 2). For example, fat in com or 
com germ is relatively mobile and behaves like a liquid in that 
it exhibits a narrow, intense signal. In the nonfat portion 
(matrix) of the sample, hydrogen nuclei associated with "bound’^ 
water, carbohydrates, or proteins are rather rigidly fixed with 
respect to their neighbors, and they are capable of only 
restricted movement. Therefore, any given nucleus may be in 
an effective magnetic environment substantially lower or higher 


DETERMINATION OF FAT IN CORN 


U7 


Fig. 2. Proton reso¬ 
nance signals from 
fat In dry com and 
com gexin: (a) ab¬ 
sorption; (b) deriva¬ 
tive. 



liian the applied field. Consequently, signals from the matrix 
hydrogen nuclei are weak and very broad, because resonance 
is limited to only a few nuclei at a given instant. Proton reso¬ 
nance of such systems gives a greatly broadened signal, and a 
narrow line arising from the fat is superimposed thereon. By 
measuring the derivative of the absorption signal, the mobile 
hydrogen signal (hydrogen in fat) can be anal 3 rtically separated 
from the broadened signal (hydrogen in nonfat matrix), since 
the latter is virtually constant over a narrow range of the 
applied magnetic field. 


INSTRUMENTATION 

The Schlumberger Model 104 NMR Analyzer and Model 
104-3 Integrator [5] were employed. These consist of three 
major units: the magnet unit, housing the permanent magnet 
and associated coils; the console, housing a portion of the 
operational control panels, recorder, and electronic circuitry; 
and the integrator, which computes the integral signals. In¬ 
strument specifications can be descidbed briefly as follows. 
The peinnanent magnet has a field strength of 1717 gauss and a 
homogeneity of better than 10 ppm over the sample volume. 
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Radio-frequency energy is supplied by a crystal-controlled 
r-f oscillator at 6.880 megacycles per second, with provision 
to. vary the r-f field over a 60-decibel range. Peak-to-peak 
modulation amplitude can be selected at specific intervals be¬ 
tween 5 milligauss and 5 gauss. Sweep time can be varied from 
30 seconds to4minutes. The electronic integrator is essentially 
a conventional programmer and operational amplifier. A de¬ 
sign feature of the integrator provides a "weight setting" 
control whereby the sample weight can be dialed into the in¬ 
tegrator, and the integral output signal will read out to a com¬ 
mon-weight basis. Other design features incorporated in the 
Schlumberger instrumentation to facilitate use of the integral 
of the derivative signal for quantitative measurements have 
been discussed elsewhere [2], along with criteria for selection 
of instrument parameters. 

Operation of the instrument is comparatively simple. A 
weighed sample contained in a suitable cell is placed in the 
sample cell cavity in the magnet unit. Instjniment parameters 
are selected, and the "Start” switch is energized. As the instru¬ 
ment automatically "sweeps" through resonance, an NMR 
derivative signal is recorded. Concurrently, the area under 
this curve is measured and recorded on the strip-chart re¬ 
corder at the end of the sweep. The output of the integrator is 
proportional to the fat content and weight of the sample. Ex¬ 
perience has shown that skilled operators are not required for 
control applications. 


RESULTS AND DISCUSSION 

A typical calibration curve for com oil in carbon tetra¬ 
chloride is shown in Fig, 3, along with the appropriate instru¬ 
ment parameters. These samples were prepared by dissolving 
known weights of com oil in carbon tetrachloride and diluting 
to solution volumes of 35 ml. Some idea of the precision and 
accuracy of the method is indicated when application is re¬ 
stricted to solutions of oils having similar hydrogen contents. 
We have used several techniques for determining fat in 
plant process samples. One method applied successfully to 
com germ containing less than 5^ moisture involves weighing 
a 3-gram sample into a NMR sample cell and adding 10 ml of 
carbon tetrachloride. The sample is milled at 45,000 rpm for 
3 minutes with a modified Virtis Disintegrator (Fig. 4). and 
after milling the shaft and blade are rinsed with solvent. After 
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Fig. 3. NMR calibration curve for com oil dissolved in carbon 
tetrachloride. 

dilution to 35-ml volume with carbon tetrachloride, the sample 
dispersion is transferred to the instrument. The NMR integral 
signal is recorded and the fat content is obtained in about 2 
minutes. The accuracy of the method is better than 1.0^, rela¬ 
tive (95?^ confidence limits). The relation between NMR signal 
amplitudes and fat contents for 32 process germ samples is 
shown in Fig. 5. The specificity of the method is demonstrated 
by the fact that standard coim oil samples in carbon tetrachlo¬ 
ride, examined imder identical instrumental conditions, gave 
precisely the same relationship. 




120 


T. F. CONWAY AND R. J. SMITH 



Fig. 4. Modified Virtis Disintegrator. 

During the development of this method, it was observed 
that the presence of 2 to 5^o moisture in the germ did not con¬ 
tribute interference to the NMR signal from fat. This was 
demonstrated by milling identical portions of the 32 germ 
samples in carbon tetrachloride. Samples in one series were 
subsequently extracted for 16 hours with the same solvent 
in a Soxhlet extractor. Milled sample dispersions were com¬ 
pared instrumentally with the extracts; differences between 
integral signals from equivalent samples in each series were 
less than Vfo relative. This observation is explained by other 
NMR studies which indicate that the moisture is "bound" 
tightly to the germ matrix and will not respond under these 
instruriient parameters. 

The NMR technique has also been useful in validating ex¬ 
traction procedures for the determination of crude fat. Initial 
correlations involving NMR signal amplitudes and fat contents 
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were poorer than e3q>ected, based on observations ■with com 
oil-carbon tetrachloride solutions. This anomaly remained 
unresolved until NMR. eKanniuation of the extraction residues 
(material remaining after anal'ytical ertraction by the standard 
procedure) indicated incomplete and inconsistent removal of 
fat. A referee ’extraction method was developed which in¬ 
corporated wet-milling in carbon tetrachloride followed by 
16-hour extraction with the same solventina Soxhlet extractor. 

Another approach to fat determination Involves measure¬ 
ment of NMR signals from predried samples. The relationship 
between signal amplitude and fat content for 112 random proc¬ 
ess samples (germ, etpeLled genxi, and spent geinn flake), 
dried to less than Zi> moisture, is sho'vm. in Fig. 6. For com¬ 
parison, these data were calculated to a common-wei|^t basis 
for equivalent Instrument parameters. Actual iustrument pa- 
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FA7,V.db 

Fig. 6. NMR Integral signals vs. fat contents 
for com germ process samples dried to less 
than Z% moisture. 

rameters employed are shown In the table, along with the 
sample weights. These data indicate that the method is accurate 
to 1.0, 0.5, and 0.3^ fat, absolute (95^ confidence limits), for 
com germ, expelled com germ, and spent com germ flakes, 
respectively. The time requiired for NMR examination is 2 
minutes; the time required for sample drying is 10 minutes at 
lOO'C. 

A comparison of the "direct milling* and "predrying" 
sample preparation techniques associated with the NMR method 
for determination of fat in com germ indicates the former to 
be superior. We attribute this observation to the fact that 
milling in carbon tetrachloride places the hydrogen nuclei of 
fat molecules in a magnetic environment wherein Tj and Tj 
(nuclear spin relaxation times) are more nearly alike from 
sample to sample. The effect of variations of Tx and Tj on the 
quantitative measurement can be seen in Eq. (1). Application of 
spin-echo NMR techniques to unmilled com germ samples has 
demonstrated that the spin constants of "mobile" hydrogen in 
process samples often vary as a function of sample history. 
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Instrument Parameters and Sample Weights 




Sample type 


Instrument parameters 

Germ 

Expelled germ 

Spent flake 

Time constant: seconds 

2 

2 

2 

R-F level: decibels 

40 

28 

28 

Sweep time: minutes 

2 

2 

2 

Sweep amplitude: gauss 

5 

6 

5 

Sensitivity 

60 

20 

5 

Modulation amplitude: gauss 

2 

2 

2 

Integrator 

Wei^t setting: 

1600 

1900 

2300 

Readout multiplier 

10 

10 

10 

Threshold: millivolts 

0.1 

0.1 

0.5 

Signal multiplier 

5 

6 

5 

Sample wei^t, grams 

12 

12 

17 


An "r-f saturation" technique has been applied successfully 
to the determination of fat in samples containing significant 
amounts of moisture. This phenomenon, as applied to NMR 
spectroscopy, has been discussed by Bloembergen et al. [6]. 
It involves the relationship between the NMR absorption signal, 
the r-f energy, and the nuclear spintlmes, Ti and Ta. Relaxation 
times for protons associated with the fat differ from those 
associated with the water, and it is possible to use this dif¬ 
ference as a basis for discrimination. In process samples 
where these differences are not sufficiently large, the dif¬ 
ferences can often be increased by high-speed milling the 
moisture-containing sample in carbon tetrachloride, thus 
altering the relaxation times of hydrogen nuclei associated 
with the fat. The fat content is derived from NMR signals 
obtained at two r-f levels. At a low r-f level, energy absorbed 
is proportional to the number of hydrogen nuclei associated 
with both fat and water. At a high r-f level, signals from fat 
are preferentially saturated. The amount of signal attenuation 
due to r-f saturation is proportional to the number of protons 
in the fat; therefore, the phenomenon can be used to determine 
fat content, 

Ihis approach was used to measure fat (1 to in spent 
germ flakes in the presence of 4 to 11^ moisture. The cor¬ 
relation between NMR signal differentials and fat contents for 
approximately 40 random process samples is shown in Fig. 7, 
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Fig. 7. NMR dijBferential integral signals vs. fat contents for 
spent com germ flakes, containing 4 to 11% moisture, dis¬ 
persed by high-speed milling in carbon tetrachloride. 


together with the instrument parameters employed. The method 
is accurate to within 0.3^ fat, absolute (95^ confidence limits). 

The applicability of NMR absorption techniques to the de¬ 
termination of fat in com has been demonstrated for several 
sample types. A typical NMR signal-fat content correlation for 
a series of samples dried to less than 5^ moisture is shown in 
Fig. 8. Maximum deviations for this correlation were 0.3^ fat, 
absolute. NMR measurements were performed on the whole 
kernel samples while fat contents were obtained by wet-milling 
in carbon tetrachloride followed by 16-hour extraction with 
the same solvent. Samples of commercial hybrid com, experi¬ 
mental high-oil, hybrid com, and experimental varieties of 
high- and low-oil white com were included in this study. 

The utility of the NMRmethodformeasuringfat in 25-gram 
whole com samples having been demonstrated, the technique 
was extended to single kernels. To obtain the requisite instru¬ 
ment sensitivity, a 2-ml "high-gain" r-f coil was used in place 
of the standard 40-ml coil. A special sample cell and holder 
were constmcted to position each kernel at the optimum loca- 
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Fig. 8. NMR Integral signals vs. fat contents for com con¬ 
taining less than 5% moisture. 

tion within the magnetic field. Instrument parameters selected 
gave excellent signal-to-noise ratios for kernels weighing 200 
to 500 mg. 

For calibration purposes, samples of com containing 4 to 
9^ fat were dried to approximately 5^ moisture, and the viabili¬ 
ties of random kernels were checked before proceeding. 
Twenty-five kernels from each of four control samples were 
examined instmmentally (Individually), and later the same 25 
kernels were ground collectively and analyzed for fat by the 
referee solvent extraction method. The correlation between 
fat contents and NMR signal amplitudes (weighted average for 
25 kernels) is shown in Fig. 9. Maximum deviations from the 
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Fig, 9. NMR integral signals vs. fat contents for single kernels 
of com dried to less than 5% moisture. 


correlation were 0.1^ fat, absolute. The time of measurement 
was 4 minutes, although this can be reduced to 2 minutes. 

This NMR method is nondestructive; it permits selection 
of single kernels for plant breeding without destroying viability. 
The ultimate utility of this selection for the geneticist has not 
been resolved, and this is the subject of some of our present 
NMR research. 
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ABSTRACT 

Representative steroids, barbiturates, amino acids, and 
model compounds were studied in the far ultraviolet region to 
170 m^. The absorption of pertinent chromophoresis discussed 
with regard to analytical usefulness. Of these, isolated double 
bonds and monoaromatic rings offer the most promise. The 
problems associated with this region are also considered. 


INTRODUCTION 

Ultraviolet spectrophotometry provides a simple and rapid 
means for analyzing many chemical substances of interest in 
the biosciences. For the most part the near ultraviolet region 
above 220 m(i has been utilized because of limitations in 
available instruments* In fact, many absorption maxima re- 
ported at shorter wavelengths are actually false maxima 
caused by stray light effects. Recent improvements in sources, 
detectors, and optical components have reduced this problem 
[1] and the practicable range is now extended to 170 mji or 
below in several conventional spectrophotometers. 

Aji obvious advantage of the extended range is the improved 
sensitivity attained for compounds through the stronger ab¬ 
sorption bands found at shorter wavelengths. However, benefits 
may also be found in selectivity and in the additional structural 
data provided. While these benefits are more striking with the 
normally transparent simple chromophores, even complex 
chromophores with near ultraviolet absorptions exhibit charac- 
tensuc and useful far ultraviolet bands. The analytical signifi¬ 
cance of these factors is illustrated here by studies on repre¬ 
sentative steroids, amino acids, barbiturates, and model 
compounds. 
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EXPERIMENTAL 


Apparatus 

A Beckman Far Ultraviolet DK-2 Spectrophotometer equip¬ 
ped with 0.01-cm Far Ultraviolet silica cells was used for all 
measurements. Oxygen and water vapor were purged from the 
optical system with nitrogen from AR-3 liquid nitrogen tanks 
(Air Reduction Company, 150 E, 2nd St., New York). Gas 
chromatographic purifications were achieved with the Beckman 
Megachrom Gas Chromatograph. 


Reagents 

Steroid, amino acid, and barbiturate samples were obtained 
in varying degrees of purity from several sources. Limited 
quantities restricted further purification in many instances, 
which undoubtedly affected absorptivity data. However, com¬ 
parison with corresponding literature values for several com¬ 
pounds showed reasonable agreement. Cyclohexane, cyclohex¬ 
ene, and cyclohexanol were purified by gas chromatography 
immediately prior to analysis. Solvents studied included 
Phillips 99 mole ^ n-hexane and cyclohexane; distilled water; 
Eastman Spectrograde methanol, methylene chloride, chloro¬ 
form, carbon tetrachloride, and reagent grade isopropanol; and 
Matheson, Coleman & Bell spectro quality acetonitrile, and 
butyl ether. 


Technique 

A major problem in far ultraviolet analysis is the selection 
of proper solvents. In Fig. 1 transmission cuarves are given for 
ten common solvents. The most transparent solvent throughout 
the range of interest is n-hexane, but it is limited mainly to 
nonpolar compounds. Cyclohexane has somewhat better solvent 
properties but has a longer wavelength cut-off. Water and 
acetonitrile are slightly inferior to n-hexane in transmission, 
but are more useful for polar compounds. Methanol is perhaps 
a better general solvent than any of these but has a cut-off at 
about 187,5 m^t. Isopropanol is similar to methanol in both 
transmission and solvent properties. The other four solvents 
shown are too opaque for use in the far ultraviolet region. 

In the present study, samples were tested in n-hexane, 
water, acetonitrile, and methanol, in that order. Each solution 
was prepared by dissolving a known quantity of solute in 5 ml 
of solvent. Heating was avoided unless absolutely necessary. 
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Fig. 1 

Before each spectral analysis, the sample cell was examined 
for cleanliness by measuring its transmittance when filled 
with solvent. Frequent recleaning of both the internal and ex¬ 
ternal window faces proved necessary. Each solution was then 
examined against a reference cell filled with solvent. The ab¬ 
sorption curves were correctedforcell mismatch and replotted. 


STEROIDS 

The near ultraviolet absorption characteristics of steroids 
have been extensively studied, and a critical review of this 
work up to 1953 is given by Dorfman [2]. Conjugated dienes, 
ketoenes, and benzenoid groups are readily measured in this 
re^on. Of the simple chromophores, only the ketone group 
embits appreciable absorption in the near ultraviolet and even 
this IS of doubtful analytical importance. Consequently, colori¬ 
metric methods have flourished for studies on these groups. 

ar ultraviolet studies on steroids have also been made, 
apparently to a greater extent than for any other group of com¬ 
pounds of biological interest. Henbest and co-workers [3] used 
a conventional spectrophotometer to measure the absorption 
Of steroids containing isolated ethylenic groups. Stray light 
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problems limited their study to wavelengths above 205 m/x and 
gave rise to false maxima. Even so, they found a correlation 
between the type of monoene and the observed end absorption. 
Stick et al. [4] obtained more accurate data on similar com¬ 
pounds by correcting for stray light. Their measurements to 
190 mfx supported the earlier conclusions. 

Turner [5] used a vacuum spectrograph with fluorite optics 
to study steroids in the range 160-210 m/t. He foimd exceptions 
to the relationship between band position and monoene struc¬ 
ture, and concluded that band shape is animpoirtant factor. His 
work £ilso pointed out the need for making corrections for the 
end absorption of the hydrocarbon skeletal groups. Ellington 
and Meakins [6] have further emphasized the need for using 
band width in comxection with position and intensity in the 
spectra-structure correlations. A recent comprehensive study 
by Micheli and Applewhite [7] provides further information on 
the isolated double bond structures. Data in the present study 
also support the correlations between structure and absorption 
and provide additional information on chromophoric groiqps 
other than the simple monoenes. A summary of these cor¬ 
relations is given in the following discussion. 

STEROID BUILDING BLOCKS 

Absorption characteristics of single bond chromophores 
found in steroids are illustrated in Fig. 2. Simple ring systems 
such as cyclohexane are highly transparent above 170 m/t, 
although weak end absorption may be observed. Addition of a 
hydroxyl group gives a pronounced increase in end absorption 
as does the fusion of rings. Thus, ( at 180 m^i is less than 0.0 
liters mol“^ cm“^ for cyclohexane and is 5 x 10* liters mol“* 
cm”* for cyclohexanol and 24 x 10* liters mol”* cm”* for 
cholestanol. None of these systems gives a pronounced maxi¬ 
mum above 170 mu, but both the hydroxyl and the quaternary 
carbon centers affect the short wavelength absorption and 
hinder detection of absorption maxima exhibited by other 
chromophores. However, the absorption does not appear attrac¬ 
tive from an analytical standpoint except in rare applications. 

The simple keto group exhibits absorption characteristics 
similar to the hydroxyl group. As shown in Fig. 2, neither 
stanolone nor androsterone differs appreciably from choles¬ 
tanol in absorption properties except to some degree in in¬ 
tensity. Again, the anal 3 rtical importance of this absorption 
appears marginal. 
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This is illustrated in the spectra of the model compound, 
cyclohexene (Fig, 2), and the A®-steroids cholesterol and 
stigmasterol (Fig. 3). Stigmasterol gives the strongest ab¬ 
sorption because of the second ethylenic group in the side rhain , 

An important feature of the ethylenic absorption is its 
dependence on substitution. Disubstituted monoenes absorb at 
the shorter wavelengths, the maximum being found near 180 
mfi. Trisubstituted monoenes usually absorb near 190 m^i and 
tetrasubstituted monoenes near 200 m/i. Exceptions have been 
noted; for example, the trisubstituted A’ -steroids exhibit a 
maximum at 200-205 m^t, according to Micheli and Applewhite 
[7]. For the most part, however, the degree of substitution and 
band position appear to follow the more general correlations. 

There is strong evidence that band intensities may also be 
correlated to structure, but further work is needed to establish 
the validity of this premise. If true, the combined use of han<i 
position and band intensity would give a strong tool for de¬ 
termining group position. On the other hand, differences in 
intensity would complicate the determination of total monoenes 
in mixtures. 

Conjugated ketoenes exhibit an intense absorption near 
240 m^t, a minimum near 200 m/i, and strong end absorption 
below 200 m/tt. The spectra of ethisterone, deoxycorticosterones, 
and hydrocortisone shown in Fig. 3 are typical of the A®-3-one 
steroids. The three differ principally in the substitution on the 
17-carbon atom. While the 240-mf/ maxima exhibit only minor 
differences, the shorter wavelength minima show differences 
in position and intensity. Possibly these differences can be 
helpful in characterizing steroids of this type, but more data 
are required to establish the extent to which this is true, 

Conjugated dienes such as ergosterol and 7-dehydrocho- 
lesterol give characteristic absorption bands in the 250-300 m/i 
region, as shown in Fig, 4. The two steroids studied here have 
identical structure except for the double bond in the ergosterol 
side chain. Whereas the near ultraviolet spectra of the two are 
remarkably similar, ergosterol has a strong far ultraviolet 
maximum which is easily differentiated from the weaker end 
absorption in the 7-dehydrocholesterol, The maximum, as would 
be expected for a disubstituted double bond, is obseived at 
182 m/i and provides a simple means for identi^ng ergosterol. 

Aromatic compounds such as estrone and estradiol give 
intense far ultraviolet absorption. As shown in Fig, 4, the 
aromatic ring gives moderate absorption near 280 m/i, a strong 
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shoulder at 220 m/i, and an intense band near 200 m/t. The 
molar absorptivity at the maxima is about 40 x 10® liters mol“^ 
cm"^, which is four to five times greater than that of the 
isolated double bond. The far ultraviolet region provides a 
highly sensitive means for detecting aromatic compounds and, 
as discussed later, of indicating the nature of ring substitution. 

BARBITURATES 

The far ultraviolet spectra of typical barbiturates are given 
in Fig. 5. All of these have Identical structures except for the 
type of substitution on the ring. Thus, their spectra should 
differ only to the extent to which the substituents exhibit 
spectral differences. Four alkyl compounds (pentobarbital, 
barbital, metharbital, and amobarbital) give nearly identical 
spectra, with an average curve shown in Fig. 5. 

Secobarbital has a single double bond in one side group 
which gives a detectable increase in absorption below 200 mix 
compared to the saturated models. Diallylbarbital has two 
imsaturated groups and consequently even stronger absorption. 
Phehobarbital gives the most striking difference because of 
the aromatic ring absorption. 

The differences in the barbiturate far ultraviolet spectra 
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are considerably greater than those in the near ultraviolet and 
may prove helpM in characterizing these compounds. However, 
in practice other factors may limit the reliability of the far 
ultraviolet absorption. This is particularly true in biological 
systems in which other components give absorption inter¬ 
ferences. 
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Several far ultraviolet studies on amino acids and proteins 
have been made [8-10], but not to the same extent as the 
steroids. In Fig. 6, spectra are shown for mono- and dicar- 
boxylic monoamino acids, proline, and threonine. The mono- 
carboxylic spectrum is the average curve for glycine, alanine, 
valine, and leucine. Aspartic and glutamic acids were averaged 
for the dicarboxylic acid curve. Proline is similar to the 
monocarboxylic acid except for a ring structure. Threonine 
has a hydroxyl group adjacent to the amino group. None of the 
chromophores in these compounds gives maxima above 180 
m^x; they all exhibit only end absorption. 

The spectrum of methionine in Fig. 7 reflects the presence 
of the alkyl sulfide structure by exhibiting a maximum just 
above 200 m/i. On this basis methionine is readily distinguish¬ 
able from the preceding compounds. The compounds tyrosine, 
ph^ylalanine, and tryptophan are also readily detectable 
because of their strong aromatic absorption. As shown in 
Fig. 7, tryptophan is the most characteristic of the three 
because of its intense band at 220 m/i, which results from the 
conjugation of the aromatic ring with an ethylenic group. 
Tyrosine and phenylalanine give the more normal aromatic 
spectra. 
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DISCUSSION 

Even with the limited data now available, practical applica¬ 
tions of the far ultraviolet region can be predicted. TTie de¬ 
tection and characterization of isolated ethylenic groups are 
relatively simple in the absence of conjugated chromophores, 
and with corrections can probably often be achieved even in 
their presence. Aromatic chromophores give the most serious 
interference in this regard. 

Aromatic compounds are commonly determined in the 
near ultraviolet, but an increase in sensitivity can be achieved 
at shorter wavelengths. The position of the intense band just 
below 200 m/I also provides information in the degree of 
substitution, as shown in Fig. 8. As the degree of substitution 
increases, the absorption maximum undergoes a bathochromlc 
shift. Thus, monosubstituted phenylalanine and phenobarbital 
have maxima at 188 m/i and 189.5 m/i, respectively; para- 
substituted tyrosine has its maximum at 192 m/i; andtri- 
substituted estrone has its maximum atl98m/i. The conjugated 
tr 37 ptophan, of course, has its maximum at even longer wave¬ 
lengths.* 

Compounds with only C-C, C-H, 0-H, C=0, NHg, and COOH 
groups do not give characteristic maxima in the usable far 
ultraviolet region, but have end absorptions which might be 
useful in some instances. However, this region would be quite 
helpful in determining the purity of such compounds if absorb¬ 
ing impurities are suspected. 

In practice, of course, other considerations are involved. 
The choice of solvents is very limited and one is usually forced 
to use cell thicknesses of 0.1 cm or less. Cell cleanliness is 
considerably more important in this region than at longer 
wavelengths. 

Perhaps a more serious problem is the interference from 
impurities. Most compounds absorb at least weakly in the far 
ultraviolet region and pose a serious threat to quantitative 
results. In samples of biological origin, such interference^ 
would normally be expected. This suggests that optimum use 
of the short wavelength absorptions will depend on the develop¬ 
ment of suitable clean-up procedures. Fortunately, advances 
in extractive techniques and in gas, paper, and thin layer 
chromatography offer considerable promise in this respect. 
The combination of these separative methods with the high 

•In Fig. 8, the tryptophan curve Is erroneously displaced 5 ma toward shorter 
wavelengths. 
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sensitivity of the far ultraviolet region should lead to numerous 
analytical applications in the biosciences. 
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ABSTRACT 

The absorption spectra of three different uranyl fluorides 
and uranyl chloride were investigated in powder form at liquid 
air temperature. For anhydrous fluoride and uranyl fluoride I, 
the data of bands are reported for the first time; for uranyl 
fluoride II, 32 additional bands were obtained. The absorption 
spectra of the anhydrous fluoride and fluoride I were found to 
consist of four and three systems, respectively. New analyses 
of bands are proposed for uranyl fluoride II and uranyl chloride 
on the basis of five and six systems, respectively. The wave¬ 
numbers of the 0,0 bands of the various systems obtained for 
the four compounds are as follows; anhydrous uranyl fluoride, 
20,236, 20,386, 21,183, and 21,277 cm"^; uranyl fluoride I, 
20,014, 23,160, and 23,429 cm"^; uranyl fluoride II, 20,080, 
20,753, 21,217, 22,723, and 23,083 cm“^; uranyl chloride, 
20,530, 21,107, 21,162, 21,234, 22,346, and 22,501 cm"^ For 
uranyl fluoride I and uranyl chloride, the wavenumbers of the 
fimdamentals obtained from the analyses of the absorption 
spectra were correlated with those obtained in fluorescence, 
Raman, and infrared spectra by different workers. 

INTRODUCTION 

Several detailed studies of the fluorescence and absorption 
spectra of uranyl salts have been made since they were first 
investigated by Becquerel [1] and Onnes [2]. Work on these 
compounds was undertaken in our laboratory to obtain new data 
wherever possible and give satisfactory analyses of the spectra. 
The results obtained with some of these compounds were given 

•Now with Spectroscopy Laboratory; Physics Department; lUlnois InstitutB of 
Technology; Chicago, Ullnois. 
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in our earlier publications [3-7]. To continue this work, the ab¬ 
sorption spectra of three different uranyl fluorides—anhydrous 
fluoride (UOgFj) and two hydrated fluorides [U 02 F 2 (niHp) and 
UOa^i^^^t^tOJ—and uranyl chloride (UO 2 CI 2 • IH 2 O) in powder 
form were studied in the present investigation. The spectra of 
the fluorides provide an interesting study of the different crystal 
modifications and the effect on the spectra of impurities arising 
out of differences in the preparation of the samples, as already 
pointed out in reference [6]. Whereas fluorescence is obtained 
only for fluoride I [6], the ^sorption spectra were obtained for 
all the three fluorides. No previous data on the absorption 
spectra of anhydrous fluoride and fluoride I are reported in 
the literature. For fluoride n, the absorption spectrum of 
which was also studi^ by Pant [8], a number of additional 
bands on the short wavelength side were obtained in the present 
investigation. The absorption spectrum of uranyl chloride was 
previously studied by Pant [8] and Samoilov [9]. New analyses 
of the bands for all these absoiption spectra have been pro¬ 
posed by the author on the basis of electronic transitions from 
a common lower state to the different excited states. 

PREPARATION OF THE COMPOUNDS 

Anhydrous Uranyl Fluoride 

This compound was prepared by the method of von Unruh 
[10], i.e., by r^eated treatment of uranyl acetate with hydro¬ 
fluoric acid and evaporating on a water bath. The compound is 
dried in a vacuum desiccator. The substance formed is ex¬ 
tremely hygroscopic. 

Uranyl Fluoride I 

A hydrated uranyl fluoride was prepared by the method of 
Andrews [11]. When a solution of 50 g of uranyl nitrate in 200 
ml of water is added to a solution of 75 g of ammonium fluoride 
in 110 ml of water, a yellow precipitate is obtained. The pre¬ 
cipitate is washed and dried in a desiccator. A yellow form of 
the hydrated fluoride which is (juite stable at room temperature 
is thus obtained. The compound formed by this method was 
called uranyl fluoride I by Pant [8]. 


Uranyl Fluoride II 

When the anhydrous fluoride previously described is ex- 
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posed to the atmosphere for a few days, it takes up water of 
crystallization and forms a stable grayish compound. The ab¬ 
sorption spectrum obtained with this compound is identical 
to that of uranyl fluoride II, which was studied by Pant [8]. 

Uranyl Oilorid* 

This compound was supplied by M/S Johnson and Mathev 
Co., London. ^ 


EXPERIMENTAL 

The absorption spectra of the compounds were recorded at 
liquid air temperature using the eiq)erimental technique de¬ 
scribed earlier [3]. Using powder layers of different thick¬ 
nesses in the absorption cell, bands were obtained in the 
different regions. Spectra were taken on HilgerFues sand Glass 
Littrow spectrographs with dispersions of 13 A/mm and 7 
A/mm, respectively, at 4000 A. 


RESULTS 

For anhydrous uranyl fluoride, about 30 bands in the re¬ 
gion 4940-4315 A (Fig. 1), and for uranyl fluoride I, 60 bands 
in die region 5000-3800 A (Fig. 2), were recorded at the tem¬ 
perature of liquid air. For uranyl fluoride n, a total of 55 
bands, compared with 23 bauds reported by Pant [8], were ob¬ 
tained in the region 5000-3800 A (Fig, 3), For uranyl chloride, 
about 60 bands were obtainedinthe region4900-3800 A (Fig. 4), 
which agrees well with the previous data of Pant [8]. 

EARLIER ANALYSES 

Pant [8] anal 3 rzed the absorption spectra of uranyl fluoride 
n and uranyl chloride on the basis of two electronic transitions 
from two nearby lower states to a common excited state. The 
defects of this analysis were discussed in our earlier paper [3]. 


PRESENT ANALYSES 


Anhydrous Uranyl Fluoride 

The absorption spectrum of anhydrous uranyl fluoride was 
analyzed as due to four systems with a common lower state. 
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spectrum of anhydrous uranyl fluoride at liquid air temperature. 


The 0.0 bands of the systems were identified at 20,236, 20,386, 
21,183, and 21,277 cm"^ (Table I), 

In System I, the fundamentals obtained are 719 and 761 
cm“^ which correspond to the O-U-0 symmetric stretching 
(vi) and O-U-0 asymmetric stretching (vj) frequencies in the 
excited state. Bands of the vi fundamental and its overtones 
are the strongest and repeat themselves up to the fourth group. 
The appearance of the vs fundamental and its combination with 
considerable intensity may be attributed to the crystalline 
fields surrounding the uranyl ion. In analyzing the absorption 
spectrum of cesium uranyl chloride, Dieke and Duncan [12] 
assigned some bands to this frequency. System II consists of 
bands belonging to the fundamental 722 cm"‘ (vn) in the excited 
state and its overtone. System III, the vi frequency, has a 
wavenumber of 715 cm~^ in the upper state. Another funda¬ 
mental (244 cm"^) belonging to the O-U-0 bending frequency 
(vi) in the upper state is also obtained, but bands of this fre¬ 
quency are very weak. System IV consists of bands belonging to 
the Vj fundamental (720 cm”^) and its overtone. 


Uranyl Fluoride II 

If we compare closely the absorption spectra of the anhy¬ 
drous uranyl fluoride and uranyl fluoride II, it is evident that 
one series of bands of the anhydrous salt is present as an im¬ 
purity in the spectrum of uranyl fluoride II (Fig. 3). In fact, the 
first band of this series is the band of Pant [8] in uranyl 
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Fig. 3. Absorption spectrum of uranyl fluoride II at liquid air temperature. 
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Fig. 4. Absorption spectrum of uranyl chloride at liquid air temperature. 
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TABLE I 

Absorption Bands of Anhydrous Uranyl Fluoride 


Wavenumber 
of band 


Assignment 

Intensity 

System I System II System III System IV 

CQm'‘) 

20,236 

7 vsh* 

0.0 

20,386 

2 vsh 

0.0 

20,914 

2 msh* 


20,955 

7 vsh 

0+719=719 

20,997 

3sh* 

0+761=761 

21.043 

Id* 


21,108 

3sh 

0+722=722 

21,183 

10 msh 

0.0 

21,277 

Sd 

0.0 

21,427 

Id 

04.244=244 

21,592 

1 msh 


21,634 

1 msh 


21,672 

4 vsh 

0+2X719=1438 

21,725 

2sh 

0+761+719=1480 

21.771 

1 d 

0+2x761=1522 

21.841 

2 sh 

0+2X722=1444 

21.898 

7 d 

0+715=715 

21,997 

4d 

0+720=720 

22,136 

2d 

0+244+715=959 

22,244 

2 msh 


22,289 

1 d 


22,316 

1 d 


22,381 

2 d 

0+3x719=2157 

22,411 

1 d 

0+761+2X719=2199 

22,451 

2 vd* 


22,616 

3d 

0+2x715=1430 

22,723 

2d 

0+2X720=1440 

22,946 

1 d 


23.051 

1 d 


23,168 

1 d 

0+4X719=2876 

*Ttie abbreviations for band descriptions used here and in Tables 11, III, and V are: 
sh) sharp; vsh) very shaxp; msh) medium sharp; d) diffuse; and vd) very diffuse. 

fluoride II. 

These bands are denoted by asterisks in Table n 


and the assignments for these bands are not repeated. The 
remainder of the absorption bands were analyzed on the basis 
of five systems with a common lower state. The 0,0 bands of 
the systems are situated at 20,080 , 20,753 , 21,217 , 22,723, and 
23,038 cm-l (Table 11). 
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TABLE II 

Absorption Bands of Uranyl Fluoride II 


Wavenumber 
of Band 

(cm"^) Intensity 


Assignment 


System System System System 
I n III IV 


System 

V 


20,080 

5 vsh 

0,0 

20 , 232 * 

10 sh 


20,262 

Ish 

0 + 182=182 

20,310 

1 msh 


20,465 

1 msh 


20,753 

7 8h 

0.0 

20.773 

2 8h 


20.798 

5 vsh 

0 + 718=718 

20 . 930 * 

2d 


20 , 951 * 

10 sh 


20 . 984 * 

3d 


21 , 134 * 

1 vd 


21,217 

3 vd 

0,0 

21,472 

10 sh 

0 + 719=719 

21,524 

2 vsh 

0 + 2 x 718=1436 

21 , 619 * 

1 d 


21 , 675 * 

7sh 


21 , 716 * 

3 d 


21 , 855 * 

1 vd 


21,937 

3 vd 

0 + 720=720 

22,181 

5 sh 

0+2X719=1438 

22 , 320 * 

1 d 


22 , 407 * 

2d 


22.590 

1 vd 

0+2X720=1440 

22.723 

7sh 

0.0 

22,816 

2sh 

22.885 

2 sh 

0+162=162 

22,943 

3 sh 

0 + 3 x 719=2157 

23.038 

4d 

23.198 

2 vd 

0,0 

0 + 160=160 

23.428 

10 sh 

0 + 705=705 

23,522 

3sh 

23.584 

2sh 

0 + 162 + 705=867 

23,648 

4 sh 

0 + 4 x 719=2876 

23,743 

5 d 


23,806 

1 d 

0 + 705=705 

23.917 

4 vd 

0 + 160 + 705=865 
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Table II (Continued) 


Wavenumber 
of Band 
(cm‘‘) 


Assignment 

System 
Intensity I 

System System 
II m 

System System 

IV V 

24,135 

10 sh 


0+2x705=1410 

24,229 

3sh 



24,289 

2sh 


0+162+2x705=1572 

24,355 

5sh 

0+5x719=3595 


24,453 

7 d 


0+2X705=1410 

24,634 

4 vd 


0+160+2X705=1570 

24,839 

6 sh 


0+3x705=2115 

24,932 

1 sh 



24,992 

1 sh 


0+162+3x705=2277 

25,056 

2 sh 

0+6x719=4314 


25,164 

3 vd 


0+3x705=2115 

25,314 

1 vd 


0+160+3x705=2275 

25,537 

2sh 


0+4X705=2820 

25,636 

1 d 



25,779 

1 d 

0+7X719=5033 


25,883 

1 vd 


0+4X705=2820 

26,256 

1 vd 


0+5X705=3525 


"Tliese bands belong to anhydrous uranyl fluoride. 


Two fundamentals corresponding to the vjand vj frequencies 
of the uranyl ion at 718 and 182 cm”^ are obtained in System I. 
Bands of this system consist of these fundamentals and their 
overtones and combinations. System II consists of a progres¬ 
sion of bands of the vj fundtimental (719 cm“^) and its overtones. 
A diffuse series of bands constitutes System HI; the value of 
the vi fundamental obtained in this system is 720 cm“^ System 
rv consists of strong bands with progressions of the vi and U 2 
fundamentals (705 and 162 cm"^, respectively) and their over¬ 
tones and combinations. System V is again a series of diffuse 
bands. The vi and vj fundamentals obtained for this system 
have values of 705 and 160 cm“^ in the excited state. 

Uranyl Fluoride I 

As with uranyl fluoride II, we find in the spectrum of 
uranyl fluoride I that some bands of the anhydrous salt and 
uranyl fluoride II are present as impurities. In this case, how- 
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table in 

Absorption Bands of Uranyl Fluoride I 



20,127 
20 , 224 * 
20,443 
20,517 
20.683 
20.710 
20,746 
20.792 •• 
20,820 
20.960 * 
21.008 • 


5 vsh 
1 sh 
10 vsh 
1 msh 
1 msh 
1 msh 
1 msh 
3 vsh 
10 vsh 
7 vsh 
7 vsh 
Ish 
6d 
3 vd 


0-27+696=669 

0+696=696 

0+732=732 


21,217 •* 

5 vd 

21,345 

2sh 

21,377 

2 msh 

21,406 

8sh 

21,448 

5 vsh 

21,486** 

5 vsh 

21,620* 

2d 

21,654* 

6 d 

21,691* 

3 vd 

21,890** 

7 vd 

22,022 

2d 

22,056 

3 d 

22,097 

5 sh 

22,130 

2 sh 

22,166* * 

2sh 

22,272 

1 d 

22,330* 

2d 

22,383* 

2d 

22,484 

2d 

22.524 

3sh 

22.599 * * 

2d 

22,682 

2 msh 

22,725 

3d 

22,765 

2 rash 

22,826 

1 rash 


0 - 27 + 2 x 696=1365 
0 + 2 x 696=1392 
0 + 732 f 696=1428 


0-27+3x696=2061 

0+3x696=2088 

0+732+2x696=2124 


0+4)c696=2784 
0+732+3X696= 2820 
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Table III (Continued) 


Wavenumber 


Assignment 


of Band (cm"^ 

) Intensity System I 

System II 

System III 

22,912* • 

2 msh 



22,964 

2 msh 



23,041 • 

1 msh 



23,060* 

1 msh 



23,124 

2 msh 



23,160 

10 sh 

0,0 


23,208 

1 sh 



23,358 

5 msh 

0+198=198 


23,429 

5 vd 


0.0 

23,567 

1 d 



23,835 

10 sh 

0+675=675 


24,037 

5 d 

0+198+675=873 


24,103 

5 vd 


0+674=674 

24,315 

2 vd 



24,505 

7sh 

0+2x675=1360 


24,714 

3 vd 

0+198+2x676=1548 

24,795 

3 vd 


0+2x674=1348 

24,955 

1 vd 



25,177 

5 sh 

0+3x675=2025 


25.436 

2 vd 


0+3x674=2022 

25.662 

1 vd 



25.851 

1 msh 

0+4x675=2702 


26,074 

1 vd 


0+4x674=2596 

26,537 

1 d 

0+6X675=3377 



•These bands belong to anhydrous fluoride, 
••These bands belong to Fluoride II. 


ever, OHly the starting bands (electronic bands) of the common 
series agree in position. The. other members of these series 
are found to shift to the long wavelength side, indicating a 
change in the vibrational frequency. This most probably may 
be e^qplained as being due to interaction occurring in mixed 
samples. These two series of bands (denoted by two asterisks) 
belong to fluoride n, and one series (denoted by a single 
asterisk) belongs to the anhydrous compound. Therefore, as- 
sigmiients for these bands are not given in Table III. The re¬ 
mainder of the bands, which belong to uranyl fluoride I, were 
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analyzed on the basis of three systems with a common lower 
state Mth the 0,0 bands at 20,014, 23,160, and 23,429 cm"^ 
In System I, the vj fundamental of theuranyl ion (696 cm"^) 
in e excited state and its overtones fonn a long progression 
of similar bands, A fundamental (732 cm-‘) corresponding to 
the as^metric stretching frequency (^j) of the O-U-0 ion is 
also oteained, and the appearance of this fundamental with con¬ 
siderable intensity may be attributed to the crystalline fields 
surrounding the uranyl ion. This fundamental was also obtained 
^ toe author in fluorescence [6], where the value is 891 cm"^ 
in the lower state. A crystal lattice frequency with a value of 
p cm in the lower state was also used in the analysis to 
interpret the weak satellite bands accompanying the funda¬ 
mental and its overtones. System II consists of bands with 
nm erate sharpness, starting at the middle of the spectrum. 

® *'1 ■'a hmdamentals in the upper state have values of 

^ ’ respectively, for this system. A series of 

broad and diffuse bands constitutes System III and forms a 
profession of the vi fundamental (674 cm”^) audits overtones. 

J wavenumbers obtained from fluores- 

in rile IV absorption of uranyl fluoride I is presented 


, TABLE IV 

Correlation of toe Fundamental Frequencies (cm"^) of Uranyl 

Fluoride I 


Fluorescence (author) Absorption (author) 


System I System II System III 


Type of Vibration 

L5* 

US* 

us LS 



U-0 Symmetric 
Stretching (i;i) 

824 

675 

696 

675 

674 

O-U-0 Symmetric 
Bending (i/j) 

200 



198 


U-0 Symmetric 
Stretching (i;g) 

891 


732 



Crystal Lattice 
Frequency 

32 


27 




*LS and US indicais-lower and upper sute, re^ectlvely. 
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TABLE V 

Absorption Bands of Uranyl Chloride 


Wave- 

number 
of band 
(cra'^) 

Intensity 

Assignment 

System System System System System System 

I II III IV V VI 

20,447 

1 msh 

0-3x26=-78 

20,469 

1 msh 

0-2x26=-52 

20,504 

1 msh 

0-26=-26 

20,630 

7 vsh 

0.0 

20,555 

2sh 

0+25=25 

20,760 

1 msh 

0+230=230 

21.107 

3 sh 

0.0 

21,162 

10 d 

0.0 

21,193 

7 sh 

0+31=31 

21,234 

4sh 

0.0 

21,260 

2 sh 

0+26=26 

21,276 

5 sh 

0+746=746 

21,314 

5 msh 

0+784=784 

21,406 

1 msh 

0+244=244 

21,506 

1 msh 

0+230^746=976 

21,536 

1 msh 


21,853 

5 sh 

0+746=746 

21,900 

10 d 

0+738=738 

21,938 

7 sh 

0+31+738=769 

21,976 

5 d 

0+742=742 

21,994 

5 sh 

0+26+742=768 

22,021 

6sh 

0+2x746=1492 

22,051 

8 msh 

0+784+746=1530 

22,078 

1 msh 


22,131 

2 n:i5h 

0+244+738=982 

22,179 

1 d 


22,243 

1 d 

0+230+2x746=1722 

22,288 

1 d 


22,346 

7 msh 

0.0 

22,370 

7 msh 

0+24=24 

22,396 

1 d 


22,501 

3 d 

0,0 

22,599 

5sh 

0+2x746=1492 

22,641 

10 d 

0+2x738=1476 

22,680 

5 sh 

0+31+2x738=1507 

22,723 

3 sh 

0+2x742=1484 

22,763 

2sh 

0+3x746=2238 

22.789 

7sh 

0+784+2x746=2276 
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Table V (Continued) 


Wave- 

number 
of band 
(cm’‘) 

Intensity 


Assignment 

System 

I 

System System System System System 

II III IV V VI 

22,865 

Ish 


0+244+2X738=1720 

23,082 

10 vd 


0+736=736 

23,210 

2 msh 



23.238 

3 d 


0+737=737 

23,308 

4 msh 


0+226+736=962 

23,345 

1 msh 


0+3x746=2238 

23,375 

6 msh 


0+3X738=2214 

23,423 

2 msh 


0+31+3X738=2245 

23,465 

1 msh 


0+3X742=2226 

23,537 

2 msh 

0+784+3X746=3022 

23,810 

10 vd 


0+2X736=1472 

23,949 

3 d 


0+2X737=1474 

24,050 

5 d 


0+226+2X736=1698 

24,114 

2 msh 


0+4x738=2952 

24,262 

1 d 

0+784+4X746=3768 

24,551 

10 vd 


0+3X736=2208 

24,690 

2d 


0+3X737=2211 

24,786 

5 d 


0+226+3X736 = 2434 

25,288 

5 vd 


0+4X736=2944 

25,499 

3 d 


0+226+4 x736=3170 

26,027 

3 vd 


0+5X736=3680 


Uranyl Chloride 

The absorption spectrum of uranyl chloride was analyzed 
on the basis of six systems designated I-VI, with the possi¬ 
bility that Systems II, III, and IV might be multiplet components 
of a triplet state. The 0,0 bands of these six systems were 
chosen at 20,530, 21,107, 21,162, 21,234, 22,346, and 22,501 
cm"^, respectively (Table V). 

System I corresponds to the fluorescence series, as some 
bands of the first group are also obtained in fluorescence [6]. 
The j/i fundamental (746 cm"^) and its overtones foirni a long 
progression of bands. The vs fundamental at 784 cm"^ in the 
excited state is also obtained; this corresponds to the value of 
964 cm"^ in the lower state observed in fluorescence [6], 
Combinations of this frequency with the i/i frequency are also 
obtained in the higher groups. Other fundamentals obtained in 
this system are 230 cm“^ of the 1/2 frequency in the upper state 
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ind US indicate lower and upper state, respectively. 
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and 25 and 26 cxn”^ of the crystal lattice frequency in the upper 
and lower states. System II consists of a progression of bands 
corresponding to the fundamental (746 cm"^) and its over¬ 
tones. System III consists of bands belonging to the fundamen¬ 
tals 738, 244, and 31 cm"^ of the vi and V 2 frequencies of the 
uranyl ion and crystal lattice frequency, respectively. A series 
of sharp bands forms System IV, in which thei^i fundamental 
has the value 742 cm"^ in the excited state. A fundamental at 
26 cm"^ of the crystal lattice in the excited state is also ob¬ 
tained. In the middle of the spectrum, two series of diffuse 
bands begin to form Systems V and VI, In System V, the funda¬ 
mentals obtained have values of 736 and 226 cm”^, which cor¬ 
respond to the 1^1 and i/j frequencies. For System VI, the^i 
fundamental has a value of 737 cm"^. 

In view of the small and nearly equal separations of the 
electronic levels of Systems II,III, andIV, and of the similarity 
of the bands, these three systems might be considered to be due 
to multiplet components of a triplet excited state. This reduces 
to four the number of distinct systems in the absorption spec¬ 
trum of the chloride. 

Table VI presents a correlation of the wavenumbers of the 
fundamental frequencies obtained from fluorescence and ab¬ 
sorption spectra by the author and from Raman and infrared 
spectra obtained by Satyanarayana [14] and Conn and Wu [13]. 

ELECTRONIC TRANSITIONS 

For all the uranyl halides studied in this investigation, 
from three to five systems were observed in the absorption 
spectrum of each compound. This compares with the four sys¬ 
tems in uranyl nitrate and even more in cesium uranyl nitrate 
and cesium uranyl chloride observed by Dieke and Duncan [12]. 
From the electronic configuration of the uranyl ion [15], it is 
obvious that the lower state is a totally symmetric singlet 
state . As observed in the absorption spectrum of uranyl 
chloride, triplet states are also possible in the excited states; 
however, the nature of these excited states can only be estab¬ 
lished by further experiments. 
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TIME-RESOLUTION SPECTROSCOPY 
Francis D, Harrington 

U. S, Naval Research Laboratory 
Washington, D. C. 


INTRODUCTION 

Time-resolution spectroscopy is concerned with the evalu¬ 
ation of temporal spectral variations in a radiating source, 
which is frequently a rapidly occurring optical phenomenon. 
The observational information required for this t 57 pe of spec¬ 
trum analysis is recorded either by film, using a time-resolv¬ 
ing spectrograph, or by electronic sensing devices adapted to 
a standard spectrograph. The characteristics of these instru¬ 
ments and their applications to studies of exploding wires and 
nuclear explosions will be discussed in terms of the information 
desired and results obtained. 

The Radiometry Branch, Optics Division of the U. S. Naval 
Research Laboratory (NRL) has been engaged for a number of 
years in a variety of researches on rapidly occurring, high- 
velocity, luminescent plasmas. Most of the projects were 
supported by the Los Alamos Scientific Laboratory (LASL) of 
the University of California. 

The time-resolving spectrographs which evolved as part 
of the work performed on these projects are capable of re¬ 
cording spectral time histories of these fast optical events. 
The many unusual high-speed spectrographs, i.e., dynamic 
spectrographs, developed during this period possess a wide 
variety of time-resolutions, wavelength resolutions, and wave¬ 
length coverages. 

The spectrographs will be discussed in three general 
categories: the moving-film type, the rotating-drum type, and 
the rotating-mirror type. A method of externally time-re¬ 
solving a static spectrograph, as well as photoelectric methods 
adaptable to conventional spectrographs, will also be described. 

GENERAL FEATURES OF TIME-RE SOLVING 
SPECTROGRAPHS 

A typical image-streaking time-resolving spectrograph is 
shown schematically in Fig. 1. The optical phenomenon to be 
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Fig. 1. Movlng-fllm i^ctrograph. 


observed is focused on the entrance plane of the spectrograph. 
The "slit” of the spectrograph in this instrument is a pinhole 
aperture. The light passing through the pinhole entrance is 
collimated, dispersed, and then focused into a spectrum on 
the photographic emulsion. The optical system of the spectro¬ 
graph uses essentially a Wadsworth mounting for the dispersing 
element [1,2], which produces stigmatic images in the focal 


ROTATING DRUM 



Fig. 2. Rotating-drum spectrograph. 
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MOVING PINHOLE SPECTRUMFILM HOUSING 



Fig. 3. Rotating-mlrror spectrograph. 

plane. For continuous radiation the static image is a line of 
dispersed continuum oriented in the direction of spectral dis¬ 
persion. For monochromatic radiation the spectral image is a 
point on the film. A time-streaked spectrum results if there 
IS relative motion between the spectral image and the recording 
emulsion at right angles to the spectral dispersion in the focal 
fte^film^ i“age-streaking is produced by moving 


* 1 , ^ spectrograph as shown in Fig, 2, it is 

the film drum with the film inside which is rotated to streak 
e spectnim. In a turbine-driven rotating-mirror spectrograph 
such as illustrated in Fig. 3, the rotating mirror [3,4] streaks 
ffie image along stationary film inside the film housing. The 
^tance from the mirror face to the film is the "writing arm." 
The velocity of the image relative to the film is usually re- 
ferred to as the "writing speed" and is determined in this case 
from the^ngth of the writing arm and the speed of the rotating 
mirror. The image velocity and the image size of the pinhole 
determine the exposure time, which is generally considered to 
• * resolution of the spectrograph. The time resolution 

required to displace a pinhole image on 
him one full diameter. The wavelength resolution of the 
spectrograph is the wavelength interval between two just-re¬ 
solved streaked spectrum lines. 

The instruments illustrated in Figs. 2 and 3 are con- 
tinuous-wnting spectrographs and will continue to record or 
rewn e over the initial spectrum with each revolution of the 
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Fig. 4. Method of externally dme-reaolving a static spectrograph. 


film drum, or mirror-rotor, unless a capping shutter is used. 
An explosive activated shutter [5] has been found to be the 
most successful capping device. Detonation of an explosive 
attached to a block of quartz or glass of good optical quality 
placed in the line of sight pulverizes the transparent optical 
block and makes it opaque. An electronic system actuated by 
the light from the phenomenon triggers the explosive shutter. 
This type of spectrograph is activated to the desired operating 
conditions shortly before zero time of the optical event. Be¬ 
cause of the continuous-wnting feature of the instrument, 
synchronization of zero time with spectrograph operation is 
not necessary. 

A method of externally time-resolving a static or con¬ 
ventional stLgmatic spectrograph is illustrated in Fig. 4. The 
method of time-scanning is similar, for example, to that used 
at LASL [6] and at the Atomic Weapons Research Establish¬ 
ment, England [7, 8]. The horizontal slit in the optical train, 
which is shown near the source, is used for spatial studies 
of a desired region of the phenomenon. The confined area 
defined by the horizontal slit is imaged on the slit plane of the 
spectrograph. A high-speed rotating mirror is located near the 
slit and is used to sweep the source image along the entire 
length of the vertical slit of the spectrograph. The rotating 
mirror is synchronized with the optical source so that the 
mirror is in the right position to scan the slit. Time resolution 
of the order of 1 nsec is obtainable during total time observa¬ 
tion periods lasting 20 fisec to 50 nsec. The total time of the 



FRANCIS D. HARRINGTON 

Observation depends on the length of the vertical slit of the 
spectrograph and the rotational speed of the external mirror. 
The length of the time-streaked spectral lines recorded in the 
focal plane is likewise limited by the length of the entrance slit 
of the spectrograph. One advantage of this method of externally 
time-resolving a spectrograph is that spectrographs of high 
dispersion and large wavelength coverage can be used, 

^though it is not shown in Fig. 4, an image-rotator can be 
employed between the rotor-mirror and entrance slit in such 
a manner that the horizontal slit image of the source is 
parallel to the spectrograph's vertical slit. By sweeping the 
source image across the slit of the spectrograph, a spectral 
"snapshot" of very short duration in the microsecond range 
can be obtained. If the optical source is reproducible, a series 
of these "snapshot" spectra can be obtained by progressively 
which the image of the source sweeps the 
slit This process will result in a representative time history 
of the source given by a series of individual spectra. 

If spatial resolution is notrequlredatthe source, a simpler 
system of externally scanning the slit of the spectrograph is 
obtained by using a rotating disc with a very narrow single 
radial slit cut in its face. The rotating disc is placed as close 
to the sUt as possible. An optical system is placed between the 
source and the instrumentation so that the optical event will 
be focused on fte slit of the spectrograph. By rotating the disc 
at relatively high speed, the radial slot will traverse the slit 
and produce a time-re solved spectrum as described before. 
f-h external rotating mirror, the position of 

the ra^al slit in the disc must be correlated with the source 
^citation. For very large sources, a degree of spatial resolu¬ 
tion at the source is maintained by this method of externally 
time-scanning the spectrograph with a rotating disc. 

^Photoelectric method of time-resolving a standard spec- 
trograph at selected wavelengths is shown schematically in 

onA ^ ““tober of exit slits of predetermined 

n<rh? ^ selected wavelength positions in the focal plane, the 

entrance slit of the spectro- 
nhnfo oscilloscope Screens by means of 

Each oscilloscope 

thsplays intensity with respect to time for the spectrum line 

TimT'?^® K is placed. 

uiS in ^ continuum radiation can be meas- 

ed in the same way. Since there is a space requirement for 
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Fig. 5. Photoelectric ixiethod of time-resolving a static spec¬ 
trograph. 


the photomultiplier and exit slit, only a limited number of these 
sensing devices can be located in the focal plane of the spec¬ 
trograph. Time resolution of 10"8 sec can be obtained with good 
electronic circuitry. Techniques and applications of this form 
of time-resolution spectroscopy are well described in the 
literature [9-13]. 

Another electro-optical system for obtainingtime-resolved 
information in the microsecond range from low light level 
optical phenomena is shown schematically in Fig. 6. The 


focused and deflected photoelectrons 



CAMERA ELEMENT OF FIHHDLE SPEOTROORAPH 

Fig, 6. Method of time-re solving a static spectrograph by placing an Image-con¬ 
verter tube in the focal plane. 
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Fig, 7. The f/6.6 Cine Spectrograph. 

combination of a pinhole stigmatic spectro- 

SSf or image-intensifier tube. As 

usual, the optical source is focused on the entrance pinhole of 

"pinholet spectrum is directed 
in t>,? f ^ T f photocathode of the converter tube located 
nborn^ plane of the spectrograph. The response of the 
-r, ° selected from commercially available 

Sinai fluorescent screen at the 

Sdl ? -w image is dis- 

Lmera contaiilf photographed with a standard 

eS?ron lY recording emulsion. The focused 

the fluores™;, X sc“eirt“ 

spectrum which in turn is recorded by^ ti Sera! ThiJ 
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process combined with pulsed shuttering can produce a few 
individual spectra; and in this case, a conventional spectro¬ 
graph entrance slit could be used. Principles and operation 
of image-converter tubes are discussed in [14] and [15]. An 
application of electro-optical time-re solution spectroscopy to 
high-intensity discharges in air and argon has been described 
by D. P. C. Thackeray [16]. 

EXAMPLES OF TIME-RESOLVING 
SPECTROGRAPHS AND APPLICATIONS 


The f/6.6 Cine High-Speed Spectrograph 

Thef/6.6 Cine High-Speed Spectrograph [17] isaprismatic 
instrument designed for use at low-dispersion in the near 
ultraviolet and the visible wavelength regions. This spectro¬ 
graph (Fig. 7) is a moving-film instrument and has two film 
speeds: 9 ft/sec and 90 ft/sec. The spectrograph can record 
460 frames/sec at low film speed and 4600 frames/sec at high 
fi lm speed. The spectra which this spectrograph records are 
not streaked images but groups of individual spectra, one to 
five per frame, on a strip of 70-mm film. The cine feature of 
the spectrograph repetitively exposes a moving image on 
moving film in such a manner that no relative motion exists 
between the image and the film. Unit magnification is main¬ 
tained between the slit and image on the film plane during the 











TIME-RESOLUTION SPECTROSCOPY 


171 



Fig. 10. Enlargement of the first 5 msec in Fig. 9. 
exposure. An illustration of the framing process and the 
multiple slit arrangement is shown in Fig. 8. Four data-taking 
slits and one wavelength calibration slit compose the slit 
assembly. The calibration slit is sometimes used to obtain an 
additional data spectrum. The film drum contains a number of 
slanting slots in the periphery of its skirt. The downward 
motion of film rotates the film drum and causes the slanting 
slots in the skirt of the film drum opposite the film contact to 
move upward and travel across the .assembly of data slits, 
thus causing the image on the film to move downward (see 
Fig. 8). One frame on the film corresponds to one transit of a 
slanting slot across the slits. Each spectrum in the frame is 
displaced wavelengthwise due to the displacement in the mul¬ 
tiple slits. The first data slit in the arrangement is unattenu¬ 
ated. The next three data slits are attenuated with neutral 
density filters of known calibration. The wavelength calibration 
slit will also be attenuated when used to obtain an extra data 
spectrum. If the optical event should overexpose the unattenu¬ 
ated spectrum, the desired spectrum can be found among one 
of the attenuated spectra. The optical system of the Cine 
Spectrograph consists of quartz and lithium fluoride lenses and 
a Young-Thollan prism arrangement using two crystalline 
quartz prisms. The spectral range of the spectrograph is from 
2200 to 7000 A and at 4000 A the wavelen^h resolution is ap¬ 
proximately 5 A. The wavelength dispersion is 30 A/mm at 
3000 A, 125 A/mm at 4000 A, and of the order of 400 A at 
6000 A. By substituting a pinhole or a slit of small height for 
the multiple-slit assembly and eliminating the cine feature, 
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the framing spectrograph can be convertedto a streak spectro¬ 
graph. For this modification of the spectrograph, time reso¬ 
lutions of 10*® and 10“® sec are obtainable at low and high film 
speeds, respectively. An optical event can beobseorvedfor both 
the Cine Spectrograph and its modification as a streak spec¬ 
trograph for 9.75 sec aowfilm speed) and 0.75 sec (high film 
speed). The film cassette located on top of the spectrograph 
contains a maximum of 100 ft of 70-mm film which is folded 
over in layers so that the film is not creased. In this manner, 
the conventional loading spool and its consequent inertia are 
eliminated. The film is freely drawn from the cassette and 
collected on a motor driven take-up spool in the bottom com¬ 
partment of the spectrograph. 

The spectral time-history of an exploding G. E. No. 22 
flashbulb as recorded by a Cine Spectrograph is presented 
in Fig. 9. Timing marks are recorded on the edge of the 
spectrogram as a row of dots spaced 1 msec apart. It can be 
observed that the peak brightness appears between 15 and 20 
msec and the duration of the flash is about 80 msec. The 
spectral distribution and the intensity of the light can also be 
seen with respect to time, chiefly in the form of an increasing 
and decreasing continuum. Figure 10 is an enlargement of the 
first 5 msec of the same flashbulb spectrogram. The origin of 
the explosion is recorded as an emission spectrum which 
merges and then fades into a growing continuum. The first 
spectrum in each frame is unattenuated, and adjacent to it are 
the four attenuated spectra. 

Another application of the Cine Spectrograph by L. F. 
Drummeter, J. A. Curcio, and C. H. Duncan of NRL was to de¬ 
termine fireball ’^color” temperatures (spectral distribution 
temperatures) of nuclear explosions as they developed with 
respect to time. It was assumed that these fireballs would 
behave as gray bodies and that the shape of the spectral 
radiance curve in the selected wavelength region could there¬ 
fore be matched to a Planckian curve for the determination-of 
color temperature. 

Wien»s radiation law, which is an approximation to Planck’s 
law, was used in the determination of color temperature from 
the spectrograms. The approximation is very good for values of 
XT < 0.3 cm-deg and the data generally fell below this limit. 
Wien’s law was used in the form 


(1) 


expC-Ca/XT) 
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where N-x is the measured spectral radiance in w/cm^* sr* A; 
Cl is the first radiation constant; C 2 is the second radiation 
constant; X is the wavelength; and T is the temperature in °K. 

In general it is not necessary to know the absolute spectral 
radiance and frequently only the relative spectral radiance 
Ni = KNx (K= constant) was determined. Equation (1) may thus 
be written 


Ni = exp (- Cj/XT) (la) 

where S is a lumped and perhaps unknown constant. 

By rearranging equation (la) and taking its logarithm the 
relation becomes 


ln(ffx'X*)=lnB-C2/Xr (2) 

The slope which ultimately provides the color temperature 
T at wavelength x is obtained by differentiating equation (2) as 
follows: 


d(lnAlX A?) / d(l/A) = - Cj/T (8) 

Figure 11 is part of a sample fireball spectrum obtained 
with the Cine Spectrograph. Each group of separated individual 
spectra is a separate frame and represents a finite exposure 
established by the framing rate which is provided by the 
chosen film speed. Film densities vs. wavelength were ob¬ 
tained from microdensitometer traces of the envelope of each 
spectrum. At selected wavelengths, the densities were con¬ 
verted into spectral radiances relative to a standard tungsten 
calibration of the spectrograph by means of film H & D curves 
(density vs. log exposure). Corrections for the transmission 
of the external optics used in front of the spectrograph slit and 
for the attenuation of the air path were applied if absolute 
values of spectral radiance were computed. TTiese absolute 
values would represent the spectral radiances, iVx, which would 
be measured very close to the source for the time intervals 
of the successive frames. 

On a plot of the logarithm of the product of Ax'A? as the 
ordinate against l/X as the abscissa for the selected wavelength 
interval, the slope of the best straight line drawn through the 
points represents the average color temperature for the par- 
ticvilar i-ime at which an individual spectrum was exposed. 
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Fig. 11. Sample spectra of 
nuclear fireball light ob¬ 
tained with the Cine Spec¬ 
trograph. 


Figure 12 presents a sample plot of ln(N\*X^)vs 1/A. The scatter 
of points about the straight line shows the combined effect of 
experimental errors, sensitometric errors introduced in the 
reduction of the data, and the departure of the source from a 
gray body for a specific observation. Figures 13-15 show 
graphically the time histories of fireball color temperatures 
obtained with the Cine Spectrographs. Figure 13 shows the 
first 10 msec plotted with more observational data than that 
for the same region of Figs. 14 and 15. The reason for this is 
that a faster framing rate was used by the Cine Spectrograph 
to obtain data for Fig. 13. 

Another use of the Cine Spectrographs by Drummeter, 
urcio, and Duncan was in the measurement of the effective 
thickness of nitric oxide, NO 2 , in the line of sight with respect 
to time when observing a nuclear explosion. Since the effects 
of temperature at the source and similarly the temperature of 
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Fig. 12. Sang)ls plot of InWx' X® va 

NOj were unknown, published values of Hall and Blacet's [18] 
absorption coefficients for NO 2 at 25®C and standard pressure 
were utilized in the reduction of the observational data. For 
this measurement, the spectrograph was modified by replacing 
the multiple slit assembly with a single vertical slit of ap¬ 
proximately the same height, and replacing the film drum by 
another drum from which the skirt containing the frame slots 
had been eliminated. An external rotating disc which contained 
a single radial slot was placed ahead of the slit of the spectro¬ 
graph and the slot was imaged on the instrument's slit. Further 
external optics were used to focus the light from the source 
onto the face of the rotating disc. With each rotation of the 
disc, the radial slot traversed the single slit and produced a 
frame with mini mum image blurring on the moving film. The 
dead time which was provided by each rotation of the disc was 
sufficient to properly space the frames on the film. 

The envelope of each frame was determined from a micro¬ 
photometer trace, and the density was converted to relative 
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Fig. 15. Time history of the color temperature of a fireball. 

exposure bjr H & D curves. The transmission of aN02 band was 
obtained from the ratio of the relative exposure at the center 
of the band to the relative exposure of the envelope at the point 
from which the absorption band originated. Differential at¬ 
tenuation coefficients from Hall and Blacet's curves were used 
for the bands selected from the observational data. By sub¬ 
tracting the absorption coefficients for the envelope of the 
continuum in the referenced curves from the coefficients at 
the center of the desired bands on the same envelope, the dif¬ 
ferential attenuation coefficients for the whole series of NO 2 
bands observed in the observational data were obtained. The 
effective thickness of NO 2 was then calculated by means of the 
relation 


T = exp (- at) (4) 

where T is the transmission of a band determined by the ratio 
of relative exposures; a is the differential attenuation coeffi¬ 
cient in cm“‘ • (mm Hg)“‘ • 10*; and t is the effective thickness 
of NO 2 in centimeters at 25*C and 760 nom Hg pressure. 

Figure 16 presents a photograph of a time-resolved spec¬ 
trum of a nuclear e: 5 )losion showing the development of NO 2 
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Bands Hydrogen Arc Structure 



WAVELENGTH 




Fig. 16. ™ 
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^ ^ The identification of Oo and NOo as well 

as NOg are seeninthetime-resolved spectrum. From chrono- 
dSr traces and the methods of data reduction 

fn a typical time history of the NOg observable 

m^the^ spectrograph-s line of sight is graphically shoTrl: 
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Pig. 18. The f/2.8 N4GS Sjpectrograph. 


grating spectrograph with better light-gathering power. It was 
extend the wavelength coverage available with the 
Cine Spectrographs from the visible region into the near in- 

instrument is known as the 
N4GS Spectrograph [19] and is shown in Fig. 18. The spectro¬ 
graph uses the housing, mechanical film drive, and electronic 
features of the Cine Spectrograph. The framing device was 
liminated and the N4GS operates as a streak spectrograph 
with a pinhole entrance aperture. The optical system consists 
f glass optics with a 600 -grooves/mm plane replica grating, 
the dispersion of the N4GS approximates that of 

leLh“r!vn?rf ^he low wave- 

^ Spectrograph has more 

uniform and better dispersion than a comparable prism spectro¬ 
graph for wavelengths beyond 3500 A. Wavelength coverage in 
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Fig. 19. Time-re solved 
spectrogram of an ex¬ 
ploding flashbulb obtained 
with the N4GS Spectro¬ 
graph. 


the fim-order spectrum, is from 3537 A to 8367 A on 70-mm 
film. The reciprocal linear wavelength dispersion at 5893 A in 
e first order is 89.3 A/mm and the average wavelength reso¬ 
lution in the first order spectrum is approximately 3 A. The 
time resolutions for the two nominal film speeds of 9 and 90 
/sec are 1.3 x 10 sec and 1.3 x 10"® sec, respectively. 

hnih "Resolved spectrogram of an exploding flash¬ 

bulb obtamed with the N4GS Spectrograph is shown in Fig. 19. 

visually the spectral time history of the flash, the 
total duration of which is approximately 45 msec. Atomic lines 
absorption, molecular bands in emission, and 
vapring degrees of the continuum are recorded as they develop 

SLn of?OoT? ^so^Ption noted in the 

emTion L Ztr^glom ° spectroscopic 


The f/2.0 Mark 55 Spectrograph 

The//2.0 high-speed ultraviolet spectrograph [20] is shown 



TIME-RESOLUTION SPECTROSCOPY 


181 



Fig. 20, The f/2.0 Mark 55 J^ctrograph, 

« loiown as the hiark 55 Spectrograph. The Mark 

55 was designed and built for NRL by Dr. CSordon MUne of the 
niversity of Rochester. It is a 35-mnirotating-drumspectro- 
drum is 12 in. in diameter and is driven by a 
10,000-rpm motor. Its recycling, or rewrite, time is 6 msec 
and the time resolution is 10"^ sec. Figure 20 shows only the 
gating and camera portion of the instrument; it does not show 
the emrance pinhole aperture or the collimator mirror. The 
optical system consists of reflection and fused quartz re- 
^ctiDg optics together with a 600-grooves/mm plane grating. 

in the first order spectrum, is from 
3034 to 4358 A. The average reciprocal linear dispersion is 
45 A/mm m this order and the wavelength resolution is 1.3 A 
at 3700 A. The Mark 55 belongs to the class of continuous- 
writing spectrographs. 


The f/6.6 Model 102 Spectrograph 

Tie f/6.6 Mod. 102 prism streak spectrograph is another 
continuous-writing spectrograph in which the image streaking 
is accomplished by a turbine-driven three-faced mirror. The 
turb^ which rotates the mirror is driven 1^ helium. The 
maximim rotor speed is 5000 rps, and the spectrograph's re¬ 
write time is 67 nsec. The time resolution available at maxi¬ 
mum rotor speed is 10 ® sec. Figure 21 shows two views of 
me spectrograph. The optical system consists of quartz and 
lithium fluoride lenses, and a double crystalline quartz prism 
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Fig. 21. The f/6.6 Mod. 102 Spectrograph. 


jstem arranged in a Young-Thollan dispersion mounting. The 
disj^rsion umt allows the adjustment of two spectral regions 

^553'^to STT""’ rt near ultraviolet from 

lenihs of rlt nf ^ originating in the upper wave- 
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wavelength 
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A Mod. 102 Spectrograph time-resolved 


spectrogram is 
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Fig. 22. Time-resolved spectrogram of an exploding wire obtained 
with the Mod. 102 Spectrograph. 


shown in Fig. 22. It represents the spectral history of an ex- 
ploding 2-mil copper wire, 5 cm in length, which was exploded 
in an evacuated chamber. The turbine mirror speed of 3394 
rps produced the image streaking in the spectrogram. The 
emission of excited neutral copper and changes in the continuum 
with respect to time are observed in the figure. 

Figure 23 illustrates a Mod. 102 time-resolved spectro¬ 
gram of the air fluorescent emission from a typical air burst 
of a nuclear explosion. Due to the lowdispersion of the spectro¬ 
graph and the size of the pinhole entrance aperture, a molecular 
band appears as a streaked line and represents the integrated 
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Fig* 23. Time-resolved 
spectrogram of the air 
fluorescent emission 
from a typical air burst 
of a nuclear explosion. 


structure of a molecular band. The 

positive 

spectrofixam of th- t>e deduced from a streaked 
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Fig, 24, Optical system c£ tibe f/6.6 N9GS Spectrograph, 


lution of the spectrograph is 10“® sec. In the first-order 
spectrum the total wavelength coverage is from 2400 to 7000 A 
with a reciprocal linear dispersion of 5.4 A/mm at 4700 A. 
T^e wavelength resolution is approximately 0.2 A. Due to the 
high-dispersion of the instrument, the spectrograph can only 
observe the spectrum in wavelength intervals of 137 A on 
35-mm film. Rotation of the grating provides the means by 
which the desired wavelength intervals are adjusted to the 
focal plane. 

A prototype NOGS was built from available components to 
check the performance of the proposed design. The collimating 
and camera elements were identical 10“ off-axis parabolic 
nairrors which were cut from the same f/1.9, 48-in.-focjal- 
length parabola. These off-axis elements are the mirrors 
around which the optical system was designed. The turbine 
and film drum housing which was incorporated into the proto¬ 
type was from a Mod. 102 Spectrograph. Figure 25 shows the 
prototype spectrograph. This type of spectrograph is appli¬ 
cable to the measurements of instantaneous spectrum linp- 
profiles and Doppler line shifts. Several exploding wire spec- 
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Fig. 25. A prototype N9GS Spectrograph. 

trograms obtained with, the prototype instrument are shown in 
the following figures. 

Figure 26 is a time-resolved exploding wire spectrogram 
of three 1-mil twisted aluminum wires dusted with chalk. The 
wires were 5 cm long and exploded in an evacuated chamber 
at an ambient pressure of about 5 x 10“^ mm Hg. The initial 
stored energy of the discharge was of the order of 300 joules 
and the initial capacitor voltage was approximately 350 kv. The 
Ca II lines are seen to appear along with the excited neutral 
A1 lines. 

The wavelength fiducial ma.rker, from which any wave¬ 
length shift in the spectrum can be measured, is the long streak 
seen throughout the spectrogram and is produced by the total 
light from the phenomena. Since the grating aperture is smaller 
than that of the collimator mirror, the unused light from the 
collimator is reflected by the small mirror above the ruled 
area of the grating to the camera mirror. The camera mirror 
in turn focuses this undiffracted light onto the focal plane as 
an image of the entrance pinhole aperture. The fiduciary light 
is reflected from the same face of the rotatingrmirror as that 
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Fig. 26., Time-resolved exploding 
wire spectrogram of three 1-mil 
twisted aluminum wires dusted with 
chalk obtained with the prototype 
N9GS Spectrograph. 


for the spectrum. By slightly tipping the plane mirror above 
the grating, the fiducial image can be made to appear just 
ahead of the origin of the spectrum. In this way the fiducial 
streak can be easily distinguished from a spectrum line. The 
fiducial streak is a measure of the total duration of the phe¬ 
nomena, since it represents the total integrated light of the 
event as it develops in time. The length of the streak in Fig. 26 
indicates that light was still being produced in other regions 
of the spectrum, whereas the spectral lines show that in the 
region observed the duration was much shorter. The spectro¬ 
gram in Fig. 26 was obtained at a rotor-mirror speed of 1100 
rps. 

Another N9GS time-resolved spectrogram is that shown 
in Fig. 27 of a copper foil exploded in a small spherical 
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Fig. 27. Time-resolved spectrogram 
of an exploding copper foil obtained 
with the prototype N9GS Spectro¬ 
graph. 


chamber at a pressure of approximately 4 x mm Hg. The 
foil was 1 cm long by 0.3 cm wide and 0.0002 in. thick. The 
identified spectrum is that for excited Cul. The spectral lines 
appear slightly shifted to the blue during their brightness period 
from 0.4 to 1.5 sec, which indicates that there is a probable 
Doppler line shift during this period. The major portion of the 
energy of the explosion was dissipated during the first 2 pisec, 
as shown by the appearance of the fiducial line. It was found 
from the calibrated zero position of the fiducial image that in 
the first 0.4/isec the phenomenon was obscured in the spectrum. 
The rotor speed for this spectrogram was 1220 rps. 

The exploding wire group at NRL is now studying time- 
resolved spectra emitted by hollow exploding-imploding alu¬ 
minum cylinders in a vacuum. The purpose is to determine the 
temperature and density of electrons and also the densities of 
neutral and ionized atoms. These determinations are presently 
being investigated in the optical phenomenon when conditions 
of thermal equilibrium can be assumed. It is expected that the 
determination of these parameters will lead to a better imder- 
standing of the processes prevailing in the aluminum plasma 
with respect to time. 
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The procedure is as follows: A static, time-Integrated 
spectrogram obtained with a survey prismatic spectrograph 
showed that A11, A1II, and A1 III atomic systems were present 
in the near ultraviolet and visible regions during the cylinder 
explosion. Since the N9GS time-resolving spectrograph can 
record only a small spectral region of 137 A at one time, re¬ 
gions of interest were selected from the survey spectrogram 
to be time-resolved. 

In the preliminary determination of the above parameters 
of the discharge, it was assumed that the plasma generated was 
optically thin. It was further assumed, on the first approach to 
the problem, that thermal equilibrium existed. If tWs is the 
case, the temperature of the electrons and the neutral and 
ionized atoms will be the temperature which the Boltzmann 
distribution prescribes. Further experimentation will confirm 
the veilidity of, or deviations from, these assumptions. 

One spectral region which was selected to be time-resolved 
was one in which two A1 HI multiplets displayed strong lines. 
Another criterion in this selection was that the excitation po¬ 
tential of the upper energy levels of one multiplet was several 
electron volts greater than the corresponding upper levels of 
the other multiplet. The ratio of the line intensities of selected 
lines of the two multiplets will be temperature sensitive as 
Indicated by the relation 


h ~ 

kT ) 


(5) 


where /, and ij are relative intensities of lines 1 and 2; and 
gj are statistical weights (2/+ 1) for the upper energy levels; 
A I and A 2 are calculated spontaneous transition probabilities; 
Xi and Xj wavelengths of lines 1 and 2; E, and Ej are exci¬ 
tation potentials of upper energy levels; k is Boltzmann's 
constant; and T is absolute temperature. The “A* coefficients of 
spontaneous transition probabilities were computed according 
to the Bates and Damgaard method as outlined in [22]. A series 
of line intensity ratios was calculated by equation (5) for four 
combinations of lines from the multiplets forincreasingvalues 
of kT. These ratios were computed from the strongest lines of 
the A1 III multiplets of (3*D- 4*P“) and (4*P°- 5^S). The com¬ 
puted values of the ratios were plotted against temperature. 
From microphotometer traces of the selected A1 III lines and 
appropriate H & D curves of the photographic emulsion the 
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Fig. 28, Time-resolved spectrogram of an exploding-imploding aluminum cylinder 
obtained with the prototype N9GS Spectrograph, 


relative line intensities were determined. The ratios deter¬ 
mined from the measured relative intensities can be entered 
into the theoretical ratio vs. temperature graph and the cor¬ 
responding temperatures read directly. 

The time-resolved spectrogram of another region which 
contained A1 II and A1 III spectral lines is shown in Fig. 28, 
Relative line intensities were obtained as before from micro¬ 
densitometer traces at the same position on the phenomenon 
time scale at which the intensities of A1 III lines were pre¬ 
viously made. The ratio of the ion densities of to was 
determined from the equation 


7 +""^+i;++a++a+/v+ V kT ) 


( 6 ) 


By substituting the known quantities (such as the measured 
relative line intensity ratio of A1 III to A1 II, the temperature 
which was determined from line intensity ratios of A1 III lines. 
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and the other quantities which have been previously identified), 
the ratio of doubly ionized atoms to singly ionized atoms can 
be obtained. The superscripts (++) and (+) indicate doubly ion¬ 
ized and singly ionized atoms, respectively. The quantity V is 
the partition function and in many cases is approximately equal 
to the statistical weight g for the ground state of the atom or 
ion. The statistical weight of an energy level or state is equal 
to (^ + 1) . / is the designation for the inner quantum number of 
the energy level. 

Since the temperature T and the ratio of the ion densities 
of n*VN* have been determined from relative line intensities, 
the next step is to substitute these values into the Saha equation 
and solve for the electron density . One arrangement of 
Saha's equation is 


iV++IV. 2U*+ /27TmkT\^^ / 

— 


(7) 


where all the notations have been previously identified except 
for m, the mass of an electron, and X*, the ionization potential 
of the singly ionized system. It is obvious for this degree of 
ionization that 


w, = Ar++ 2flr++ 


( 8 ) 


and 


N** “ N* X (ratio of ion densities) 

from these two equations the density of singly and doubly ion¬ 
ized atoms of aluminum, i.e., the number of atoms per cubic 
centimeter for each species, can be obtained. 

The procedure described is for only one point on the time 
scale of the phenomenon. The method can be progressively 
repeated many times along the time axis. Thus, the variations 
and time-history of the parameters of T, N*,N**, and ff.can be 
recorded. The spectroscopic phase of the above work has been 
a combined effort of Ihor Vitkovitsky, William B. Buchanan, 
and the author. 

Another interesting time-resolved spectrogram obtained 
from an exploding-imploding aluminum cylinder is shown in 
Fig. 29. It shows the rate ultime lines of A11 together with the 
Ca II lines. The Ca trace element was provided by dusting the 
n himiniim cylinder with chalk. The A1 I lines show a shift to 
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Fig. 29, Time-resolved spectrogram of an exploding-im- 
ploding aluminum cylinder obtained with the prototype N9GS 
Spectrograph. 

the red at their origin just below the initial continuum, where¬ 
as the Ca II lines appear to come directly out of the con¬ 
tinuum unshifted. The red shift of A1 I is apparently due to 
pressure broadening. This red shift is not apparent in other 
spectrograms of Al II and A1 III. Another interesting feature 
is the self-reversal exhibited near the end of the spectral lines 
of Al I and Ca II. The self-reversal or absorption is sym¬ 
metrical for Ca II, whereas that for Al I is unsymmetrical. 

The f/3.5 Spectrograph 

The optical system of an f/3.5 static spectrograph [23] is 
shown in Fig, 30. It is a stigmatic medium-dispersion grating 
instrument which uses spherical mirrors with a Schmidt'type 
corrector mirror. A 1200-grooves/mm plain replica grating 
is used with this system. The average dispersion is 20.6 
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Fig- 30. Optical system of the f/3.5 static spectrograph. 



Fig. 31. The f/3.5 static spectrograph. 
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SECOND ORDER SPECTRUM FIRST ORDER SPECTRUM 
Fig. 32. Spectrogram of air fluorescent emission from a typical sea-level nuclear 
explosion obtained with the f/3.5 static spectrograph. 

A/mm and 10.3 A/mm in the first- and second-order spectra, 
respectively. The first-order wavelength coverage is from 
3317 to 8468 A with a wavelength resolution of 0.5 A. Figure 31 
is a photograph of the spectrograph with the outer cover re¬ 
moved. Because of its excellent f/number, the spectrograph 
has found many applications where either light levels were low 
or exposures in the microsecond time region were required. 
Figure 32 is a reproduction of a sea-level nuclear explosion 
obtained in first- and second-order spectrum with the f/3.5 
spectrograph. The spectrogram is an example of the instru¬ 
ment's capabilities when used for very short duration ex- 
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posures. A discussion of the air fluorescent emission observed 
in this spectrogram is given in [24]. 

The //3.S spectrograph is now being used in the 2-megajoule 
magnetic compression experiment by the Plasma Physics 
Branch at NRL, The instrument has been modified, using an 
external rotating-mirror to provide two types of data. First, 
the image of the radiating plasma may be streaked along the 
slit of the spectrograph to produce the time-history of impurity 
line radiation. The impurity lines are due to foreign gases 
added to the deuterium discharge. Second, the plasma image 
may be streaked across the slit as previously described and 
thereby record space-resolved spectral "snapshots" of very 
short duration. These show the distribution of the radiating 
plasma at a particular time. The space-resolved spectro¬ 
grams will be used for probing the radial distribution of 
electron temperature at early stages of the discharge when 
the temperature is not too high. The temperature determina¬ 
tions wiU be obtained by observing the relative intensities of 
spectrum lines of different ionization species. 

CONCLUSION 

It can be seen that time-resolution spectroscopy has many 
uses in the study of rapidly radiating and varying sources. 
This review of the subject includes material presented in two 
previous papers with additional material included. The first 
paper was presented at the 5th International Congress on High- 
Speed Photography held in Washington, D.C., October 19,1960, 
and subsequently published in the Proceedings of that Congress 
[25]. The second paper was presented on June 16,1961, at the 
symposium on Spectroscopic Studies Using Time-Resolving 
Techniques held in Manchester, England. The symposium 
papers were abstracted in Nature [26] and in the British 
Journal of Applied Physics [27]. 
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INTRODUCTORY REMARKS AT THE 
OPTICAL EMISSION PROBLEM CLINIC 

J. F. Woodruff 

Armco Steel Cotp. 

Middletown, Ohio 


Last year at this Conference, I presented a paper which 
described the accuracy of photoelectric spectrometers used in 
Armco’s production control laboratories as compared to the 
classical chemical procedures formerly used in these same 
plants. To determine the accuracies of the two methods of 
analysis a study was made of the analyses reported in a 
monthly check analysis program. This program was initiated 
at Armco more than 25 years ago. 

In each production laboratory, the works chemist in charge 
makes out a daily report and certifies the ladle analyses as 
determined by the ’^tum’^ analysts on all heats and cast pro- 
duce d fo r a 24-hr period. Each month the chemical research 
department reviews these daily reports and selects one day's 
anal3rtLcal production for checking. The day selected is varied 
from month to month. A wire is sent to each production labo¬ 
ratory requesting ladle test samples of certain heats and casts 
produced on the selected day. 

With this check analysis program we have a basis for de¬ 
termining whether or not the photoelectric spectrometers are 
giving reliable analyses to the melt shops. 


TABLE I 

Comparison of Research and Production Control Carbon 
Values Using Data from Monthly Check Analysis Reports 


Standard Deviation from Research, ±% C 

Range, %C 

P. C. Combustion Method 

P. C. Quantovac Method 

0.010-0.049 

0.0029 

0.0027 

0.050-0.099 

0.0038 

0.0024 

0.10 -0.49 

0.0072 

0.0057 

0.50 -0.99 


0.0086 
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TABLE II 

Comparison of Research and Production Control Sulfur 
Values Using Data from Monthly Check Analysis Reports 


Range, 7o S 

Standard Deviation from Elesearch, ± C 

P. C. Combustion Method 

P. C, Quantovac Method 

0.004-0,019 

0.0016 

0.0027 

0.020-0.029 

0.0020 

0.0020 

0.030-0.099 

0.0023 

0.0020 


TABLE III 

Comparison of Research and Production-Control Phosphorus 
Values Using Data from Monthly Check Analysis Reports 



Standard Deviation from Elesearch, ± C 

Range, % P 

P. C. Chemical Method 

P. C. Quantovac Method 

0.003-0.019 

0.0018 

0.0022 

0.020-0.049 

0.0036 

0.0046 


Using the data from the check analysis reports, a similar 
study has been made of the results obtained with vacuum 
photoelectric spectrometers, namely, the ARL Quantovacs. We 
now have five of these instruments in use in our control labo¬ 
ratories, I felt that you might be interested in the accuracy of 
the carbon, sulfur, and phosphorus results by these units. 
Tables I-III show comparisons between the production control 
combustion and chemical methods and the Quantovac methods. 

With the exception of sulfur values below 0.019^ and 
phosphorus values from 0.020?^ to 0.049^^, the Quantovac re¬ 
sults are equal or better than the former chemical methods. 



QUANTOVAC ANALYSIS OF COPPER 
AND COPPER-BASE ALLOYS 


H. T. Dryer and B. R, Boyd 

Applied Research Laboratories, Inc. 
Dearborn, Michigan 


The Quantovac, introduced by Applied Research Labora¬ 
tories in this country in 1957, was developed specifically for 
the complete analysis of iron and steel. Rapid, accurate, and 
simultaneous analyses were needed for carbon, phosphorus, 
and sulfur in addition to the usual alloying and residual ele¬ 
ments, which had been handled successfully by the ARL Pro¬ 
duction Control Quantometer (PCQ) for many years. Most of 
the sensitive lines for the metalloids are in the vacuum ultra¬ 
violet region and require that the Instrument for this application 
be usable in both thevacuum ultraviolet and ultraviolet regions* 
Methods evaluation with the Quantovac for the analysis of Iron 
and steel indicated that this instrument offered a number of 
advantages over conventional direct-reading instruments and 
presented great possibilities for other metals and alloys, 
including nonferrous metals. 

The Quantovac (Fig. 1) is a vacuum Quantometer consisting 
of a vacuum spectrometer with an enclosed excitation stand, a 
Multisource excitation unit and a recording console. A cutaway 
view of the vacuum spectrometer (Fig. 2) shows the enclosed 
spark stand, the location oftheprimary slit, grating, secondary 
slits, secondary mirrors, and two photomultiplier tube sec¬ 
tions. The excitation stand is flushed with argon to insure 
transmission of the vacuum ultraviolet wavelengths and to 
provide a highly reproducible and high intensity discharge. 'Hie 
spectrometer is evacuated—including the section from the 
^imary slit to the quartz windows or photomultiplier tubes. 
The EMI tubes, used for the shortest wavelengths, are end- 
window tubes and provide their own vacuum seal, while quartz 


Den^t A?? ^ represent the results from ti>de- 

Uboratorles In Lausanne. Swtnwr- 
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Fig. 1. The Quantovac. 


windows are used for vacuum seals on the RCA or ultraviolet 
portion. 

The investigations on the Quantovac soon established that 
the critically damped Multisource discharge case provided the 



Fig. 2. Schematic drawing of the Quantovac direct-reading 
spectrometer. 
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COMPUTER READINGS 

Fig. 3. Quantovac analysis of C in 18-8 type stainless steel. 

highest intensity and the best line-to-background ratio and, 
consequently, extremely good precision and sensitivity. This 
discharge is used with the sample negative, a silver counter 
electrode, and an argon flush. 

Quantovac (Qvac) performance data for the analysis of low- 
alloy steels, cast irons, stainless steels, and tool steels have 
been evaluated for a large variety of samples from a number 



Fig. 4. Quantovac analysis of W In tool steel. 
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Fig. 5. Quantowc analysis of Mo in tool steeL 

of laboratories. Typical curves for these analyses are shown 
in Figs. 3 to 5. Several of these curves serve to demonstrate 
the superiority of the Quantovac over conventional direct- 
reading instruments, namely, tungsten in tool steels and mo¬ 
lybdenum in tool steels. A summary of the accuracy and 
precision data for Cr-stainless is presented in Table I, for 
18-8 type stainless steel in Table II, and for tool steels in 
Table III. A comparison of data obtained with a conventional 

TABLE I 

Precision and Accuracy Data for Qvac Analysis of 
Cr-Stainless Steel 




Av. Dev. from 



Element 

Cone. Range 

Chein.Anal.* 

Std. Dev. 

At Cone. 

C 

0.008- 0.30<?) 




P 

0.008- 0.11 

0.0013 


0.018 

S 

0.12 - 0.55 

0.005 

0.0067 

0.317 

Ni 

0.06 - 0.60 



0.45 

Cr 

11.6 -14.5 

0.073 

0.029 

12.97 

Si 

0.10 - 0.90 



0.67 

Mn 

0.20 - 0.70 




Cu 

0.06 - 0.30 

0.005 


0.12 

Mo 

0.01 - 0.60 


0.008 

0.13 


*DupUcate analyses. 
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TABLE II 

Precision and Accuracy Data for Qvac Analysis of 18-8 
Type Stainless Steel 


Element 

Cone, Range 

Av, Dev, from 
Chem. Anal.* 

Std. Dev. 

At Cone. 

C 

0.008- O.lS^i 

0.0026% 

±0.0036% 

0.1007® 

P 

0.008- 0.15 

0.002 

0,001 

0.018 

s 

.0.005- 0.36 

0..0022 

0.008 

0.205 

Ni 

7.5 -11.5 

0.073 

0.089 

9.86 

Cr 

17,0 -22.0 

0.097 

0.042 

17.50 

Si 

0.30 - 0.90 

0.025 

0.012 

0.61 

Md 

0.50 - 2.0 

0.023 

0.009 

0.79 

Cu 

0,04 - 0.30 

0.006 

0.009 

0.24 

Mo 

0.01 - 0.40 

0.014 

0.012 

0.30 


*Di 9 llcate analyses. 


unit (PCX3) to data obtained with the Quantovac is presented in 
Table IV. 

The nonferrous copper base metals were investigated for 
possible application. A number of elements are extremely 
difficult to determine by the usual direct-reading or spectro- 
graphic methods; large variations in time are experienced, 
depending on impurities and levels. The determination of 


TABLE m 

Precision and Accuracy Data for Qvac Analysis 
of Tool Steels 


Element 

Cone. Range 

Av. Dev. 

Std. Dev. 

At Cone. 

C 

0.1 

- 1.57® 

0.015% 


1.16% 

P 

0^01 

- 0.05 

0.002 



S 

0.005 

- 0.14 



0.013 

M 

0.1 

- 0.5 

0.017 


0.26 

Si 

0.1 

- 0.5 

0.015 


0,31 

W 

0.5 

- 5.0 

0.063 


1,50 

W 

5.0 

-19.0 

0.13 

0.15 

6.38 

Mo 

0.1 

- 2.0 

0.040 


0.29 

Mo 

2.0 

-10.0 

0.087 


6.20 

V 

0.5 

- 4.5 

0.060 


2.87 

N 

0.05 

- 0.4 

0.018 


0,16 

C 

2.5 

- 5.0 

0.085 


4,00 

Cu 

0.05 

- 0.25 

0.010 


0.12 












QUANTOVAC ANALYSIS OF COPPER 


205 


TABLE IV 

Comparison of Accuracy of PCQ and Qvac Analysis 
of Carbon and Low Alloy Steels 


Element 

Cone. Range 

No. of 
Samples 

Average 
Deviation from 
Chemical Analysis 

Qvac PCQ 

C 

0.04 -0.09 ‘51' 

12 

0.004 % 


C 

0.01 -0.21 < 51 ) 

11 

0.008 '?> 

O.OlO'?' 

c 

0.20 -1.50 <?> 

19 

0.024 '?> 


s 

0.015-0.055'?' 

20 

0.0021'?' 


p 

0.010-0.050'?' 

24 

0.0011'?' 


p 

0.050-0.10 '?' 

6 

0.0027'?' 

0.016'?' 

Mn 

0.10 -0.50 '?' 

31 

0.012 % 

0.022% 

Si 

0.03 -0.60 '?' 

19 

0.012 '?> 

0.031% 

Ni 

0.02 -0.20 '?' 

12 

0.008 •?> 

0.020% 

Cr 

0.02 -0.20 % 

4 

0.0075'?' 

0.005'?' 

Cu 

0.02 -0.20 '?' 

12 

0.006 % 

0.018'?' 

A1 

0.04 -0.50 '?' 

4 

0.005 '?' 


Mo 

0.03 -0.33 % 

8 

0.012 '?' 



phosphorus in copper and copper-base alloys could not be per¬ 
formed with the speed and accuracy currently required. Im¬ 
proved speed, accuracy, and uniformity of method were needed 
for the analysis of pure copper. 

The analysis of pure copper samples presents a special 
problem for the conventional spectrochemical laboratory. Be¬ 
cause of the tremendous changes in electrical and thermal 
conductivity characteristics with impurities and concentrations, 
the excitation and control of pure copper samples will usually 
exhibit rather unique phenomena. For example, using a direct- 
reading instrument and integrating to a constant amount of 
radiation from a copper internal standard line, one sample of 
pure copper may integrate in 20 seconds while another pure 
copper sample may integrate in 60 seconds. 

Although a number of discharges were studied for pure 
copper using the Multisource unit, optimum conditions were 
identical to those used for iron and steel samples, i.e., the 
critically damped Multisource discharge, a silver counter 
electrode, sample negative, and an argon flush. 

The copper samples were ground prior to excitation on a 
60X alundum disc grinder and excited by the standard Quantovac 
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TABLE V 

Program for Qvac Analysis of Cu-Base Alloys 


Element 

Cone. Range 

Element 

Cone. Range 

Zn 

0.0005-0.020‘^> 

S 

0.001-0.014"?) 

Pb 

0.002 -0.22 

As 

0.001-0.012"?) 

Sb 

0.025 -0.35 

Bi 

0.001-0.010"?) 

Sn 

0.002 -0.020"?) 



Ag 

0.0002-0.020"?) 

A1 

0.02 -3.3 "?) 

Mn 

0.001 -0.020"?) 

Zn 

0.05 -1.0 "?) 

Cd 

0.0004-0.024"?) 

Pb 

0.5 -3.5 "?) 

P 

0.0006-0.07 "?» 

Sn 

0.1 -12 "?) 

Se 

0.0001-0.01 1o 

P 

0.005-0.40 "?) 

Fe 

0.002 -0.015"?) 

Fe 

0.002-0.22 "?) 

Ni 

0.0002-0.020"?) 

As 

0.035-0.60 "?) 


discharge. The analytical cycle Includes a 10-second flush, 
10-second prespark, and a 20-second Integration controlled by 
the Internal standard line. The first phenomenon which was 
observed was the reproducibility of the inte^ation time be¬ 
tween samples as opposed to the large variations experienced 
with the air discharge. In addition to eliminating the variations 
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Fig. 7. ARL (Qvac) analysis of Ag in Cu. 

in time between samples, the reprodxicibility of the analyses 
was far superior to that obtained by other methods. 

The analytical program for this study is shown in Table V. 
The high and low limits of the concentration ranges are not 
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imposed by the analytical method but are the ranges covered 
by the copper and copper base standards. 

The analytical curves for the various elements in "pure" 
copper are shown in Figs. 6-10. As shown in Fig. 6, the sensi¬ 
tivity for phosphorus is excellent (0.0005^) and the speed of 
analysis is about 1.5 minutes for duplicate analyses not in¬ 
cluding sample preparation. The anal^cal curve for silver is 
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Fig. 11. ARL (Qvac) analysis of Sn in Cu-base alloy. 

of special interest (Fig. 7), The silver used for the counter 
electrode contributes little if any radiation to the analytical 
discharge. Hig^ purity copper rods have been substituted for 
silver as the covinter electrode with no change in integration 
times or changes in analytical curves. 

Additional studies were made on the analysis for several of 
the alloying elements in copper-base alloys. The analytical 
data was excellent for the elements studied and indicated that 
no difficulties would be experienced providing the alloying 
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constituents do not exhibit macrosegregation. The analyses of 
the copper alloys were limited to some extent by the available 
standards and concentration ranges covered by these standards. 
The analytical curves for these studies are shown in Figs. 
11-13. 


SUMMARY 

The analytical data from the analyses of the copper and 
copper-base alloys demonstrate the ^cellent perfoinnance of 
the Quantovac on these materials. The difficulties experienced 
with conventional instruments have been eliminated, and the 
accuracy and precision data are excellent. The performance of 
this mefeod on both trace and alloy analyses makes it attractive 
for the convenience of handling both types of analyses with a 
single method. Analytical data on both alloyed steels and 
copper-base materials have been shown to demonstrate the 
versatility and performance of the Quantovac methods. 




USE OF A VACUUM CUP ELECTRODE FOR SPARK 
EMISSION SPECTROGRAPmC ANALYSIS 
OF PLANT TISSUE* 

S. T. Bass and J. Soulati 

Department of Biochemistry 
Michigan State University 
East Lansing, Michigan 


Emission spectrographers have used many different meth¬ 
ods to get a homogeneous sample into the analytical gap [1-9]. 
Many other works could be cited, but these should suffice to 
show the great number of techniques that are or have been 
used for this purpose. 

Recognizing that some of these techniques might be 
adapted to the analysis of plant tissue, we conducted an in¬ 
vestigation to select one that could be used successfully with 
a method previously described for analyzing plant materials 
[10]. The systems investigated were die porous cup elec¬ 
trode, the spray-in spark technique, and the vacuum cup elec¬ 
trode [2]. 

In preliminary work, poor reproducibility of results with 
the porous cup electrode caused it to be chscarded and the 
lack of sensitivity caused the elimination of the spray-in 
technique. The vacuum cup electrode, however, showed prom¬ 
ise of functioning successfully. 

The circuit parameters used with the vacuum cup elec¬ 
trodes were investigated because of the pumping effect on the 
sample caused by the number of interruptions per half cycle 
of current. It would appear from Zink [2] that when more 
breaks occur in the current, more sample will be pumped 
into the analytical gap. The best circuit parameters may not 
be the same as were shown for salt-capped electrodes [11]. 

Unfortunately, these electrodes are very expensive and 
their use would be prohibitive if each spectrum required a 
new electrode. An investigation of multiexcitation on such 

*Publi8hed with the ai^oval of the Director -at the Michigan Agricultural Bqieri- 
ment Station as Journal Article No. 2885. This paper was published in the Journal 
of the Association of Official Agriculture 
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TABLE I 

Summary of Equipment and Operating Conditions Used 


Spectrograph 

Large glass-quartz Littrow prism 

slit width 

20 n 

electrodes 


sample 

United Carbon Co. No. 6010, 6011 

counter 

3/16 in. regular grade graphite, 120* cone 

A.OA.C. |14] 

3/16 in. regular grade graphite, flat top 

Excitation unit 

National Spectrographic Lab. air 


interrupted-spark 

Analytical gap 

2 mm 

Auxiliary gap 

2-4 mm 

Spark primary voltage 

240 V 

Secondary RF amps 

varied 

Inductance 

50-500 ^ 

Capacitance 

0.01 Ilf 

Resistance ohms 

residual 

Breaks per half cycle 

varied 

Prebum 

15 sec 

Exposure 

60 sec 

Film 

Kodak S. A. 1 

Processor 

N. S. L. plate processor 

Microphotometei 

Jarrell-Ash Recording 

Calculating board 

Janell-Ash Siedel 


electrodes to reduce the cost of electrodes is in press [12]; 
this investigation demonstrated that multiexcitation on the 
same electrode was possible, and that multiple samples could 
be analyzed with the same electrode if the same elements 
were present in similar concentration ranges. 

The purpose of this paper is to present a comparison of 
the results obtained with the vacuum cup electrode and those 
obtained with the A.O.A.C. systems [10, 13, 14]. 

APPARATUS Also MATERIALS 

The operating conditions and the nature of the equipment 
used in this eiqieriment are presented in Table 1. The samples 
had known past histories, since all of the fruit tree leaves had 
been analyzed by a number of investigators and the synthetic 
samples were similar to the A.O.A.C. standards [13], except 
that a controlled amount of potassium [10] was added to each 
standard. 
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TABLE n 

Effect of Varying Inductance on Precision of Intensity 
Ratios (e]q>ressed as ^ standard deviation of the mean) 


Inductance* 

B 

P 

Fe 

Mg 

Mn 

Ca 

Cu 

500 /ih 

9.96 

8.21 

7.18 

6.87 

12.03 

3.20 

7.95 

300 fjh 

16.21 

14.27 

5.72 

11.53 

13.12 

4.65 

14.45 

50 

8.56 

8.83 

7.39 

7.73 

8.10 

6.28 

6.73 


e^qposures, one electrode for each Inductance. 


PROCEDURE 

The ash from 1 g of plant tissue (for A.O.A.C. standards 
the amount was measured and evaptorated to dryness) was dis¬ 
solved in 4 ml of 1:1 HCl and 1 ml of internal standard 
(CoCl2*6H20, 25 g/liter). In most of these Investigations 
more sample was required, so a 5 or 10 g sample was used 
with the above ratios of acids and internal standard. 

The source conditions of the flat top electrode system [14] 
were described by Connor and Bass [11]. The known param¬ 
eters were varied with the vacuum cup electrode in two ways: 
by changing the inductance, and by varying the secondary air 
gap. The source inductances of 50, 300, and 500 jih were tested 
for precision and sensitivity. The secondary air gap was 
examined for its effect on the precision of results with the 
vacuum cup electrode. 

An additional eaqieriment was conducted to determine 
whether any one level of potassium was superior to any other, 
since previous work had showed that potassiiun concentration 
affected the results obtained in the analysis of plant tissue. 

After the best conditions were found, a comparison was 

TABLE m 

Effect of Inductance Changes on Preci¬ 
sion of Intensity Ratio of the Element 
Manganese 


Inductance* 

50 Mh 

300 ph 

500 fih 

Intensity ratio 

1.705 

1.28 

1.33 

% Stand, dev. 

of the mean 

6.04 

7.42 

6.75 


"Twenty exposures per Inductance. 
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TABLE IV 

Effect of Varying Auxiliary Gaps on the Precision 
of Intensity Ratios (expressed as ^ standard de¬ 
viation of &e mean) 


Auxiliary 








gap* 

B 

P 

Fe 

Mg 

Mn 

Ca 

Cu 

4 mm 

6.49 

11,27 

6.84 

6.92 

3.76 

4,97 

3.66 

2 mm 

9,81 

11.69 

6.30 

13.81 

7.90 

5.43 

5.97 


*Two electrodes, nine exposures per electrode per width. 


TABLE V 

Effect of Varying Potassium Levels on Precision 
of Intensity Ratios (expressed as ^ standard devia¬ 
tion of the mean) 


Percent 


K* 

B 

P 

Fe 

Mg 

Mn 

Ca 

Cu 

0 

10.92 

8.77 

7.87 

7.86 

14.81 

4.28 

4.17 

2 

9.90 

10.84 

11.44 

8.66 

7.40 

5.06 

7.63 

4 

4.69 

7.78 

5.50 

6.49 

8.17 

4.44 

7.04 

6 

10.97 

15.46 

7.35 

15.85 

5.56 

11.08 

12.77 

8 

12.42 

19.02 

6.73 

11.20 

7.15 

2.91 

8.90 


*Nine exposures per electrode per level. 


TABLE VI 

Comparison of Results with Two Types of Vacuum 
Cup Electrodes with Those Obtained with Flat Top 
Graphite Electrodes (expressed as ^ standard devia¬ 
tion of the mean of intensity ratios) 


Electrode 

5 

P 

Fe 

Mg 

Mn 

Ca 

Cu 

Flat top* 

4.47 

5.77 

2.09 

4.58 

4.21 

3.08 

6.24 

u.c.p. No. eolot 

6.80 

5.47 

5.76 

5.01 

4.74 

3.99 

4.09 

u,c.p. No. eoiit 

4.65 

6.38 

4.47 

4.12 

7.17 

2.69 

3.80 


*Twenty pairs of electrodes used, 

TTwo electrodes, ten exposures per electrode. 
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made between two different vacuum cup electrodes and the 
flat top graphite electrode. 


RESULTS 

The effect of var 3 nng inductance on precision of intensity 
ratios is shown in Tables II and HI. Table II shows these ef¬ 
fects on results for a group of elements, while Table III shows 
the effect on a sample with a single element. 

Table IV illustrates the effects of two widths of auxiliary 
air gap on the precision of intensity ratios of the vacuum 
cup electrodes. 

The effect on precision caused by changing the potassium 
content is shown in Table V. 

In Table VI a comparison of two types of vacuum cup 
electrodes and flat top electrodes (14) is made. 

The results from three different analytical procedures 
are compared with vacuum cup electrode procedure in Table 
VII. Peach tree leaves which were used in this experiment, 
have been used for some time as a standard for fruit tree 
leaves [9, 15]. 


DISCUSSION 

The vacuum cup electrode system appears to give the 
spectrographer an extra technique for introducing the sample 
into the analytical gap. Some of the difficulties that might be 
encountered with these electrodes are discussed by Bass and 
Soulati [12], but the most objectionable problems can be 
eliminated to make the system operational in most laboratories. 

In this report an effort is made to establish the best source 
unit parameters. The one basic difference in source param¬ 
eters between the vacuum cup system and parameters of 
Connor and Bass [11] is that the new system causes the solu¬ 
tion to be pumped into the analytical gap. Therefore, the 
autiiors attempted to adjust the number of interruptions for 
each half cycle of the current. 

The best ways to change the number of interruptions of 
current per half cycle of electricity are to increase the in¬ 
ductance of the source or to decrease the width of the auxil- 
iary gap of the source unit. An effective change in the number 
of impulses per half cycle of electricity was obtained, with 
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either method, but both resulted in a decrease in total energy. 
In many instances, this decrease in energy cannot be tolerated. 
The effects on precision of making these changes (Tables 
II-IV) indicate that neither of these changes offers any advan¬ 
tage over the conditions set forth by Connor and Bass [11], 
which are 50 (th and 4 mm auxiliary gap in these experiments. 

Bass and Soulati [10] reported that the potassium concen¬ 
tration affects spectrographic analytical results. In our ex¬ 
periments, potassium levels of 0, 2, 4, 6, and 8^ were run with 
the new type electrodes; the results showed that high levels 
of potassium decrease the precision of intensity ratios. This 
is believed to be caused by the salting-out of compounds at 
these high concentrations. The precision with 4^ potassium 
was best, that with 2^ was next best, and third best was in the 
absence of potassium. Since biological materials contain the 
element potassium, the zero potassium level has no place in 
an anal 3 rt:ical procedure for samples of this type. 

A comparison was made of results with two t 3 ?pes of 
vacuum cup electrodes and with the flat polished top electrodes. 
The data in Table VI indicate that the precision of each system 
is good; it would be difficult to find any one superior to the 
other. However, if the preparation time is considered, the use 
of the vacuum cup electrode saves a great deal of time, com¬ 
pared to the time required to put solutions on the flat top 
electrodes, the time to dry the solution, and the time re¬ 
quired to make the many flat top electrodes. Vacuum cup 
electrodes can be purchased preformed for approximately the 
same price per sample as other electrodes, which reduces 
the time required in preparation. 

In comparison with other methods of analysis (Table VII), 
the vacuum cup gave good results with all elements except 
calcium. The reason for this is not apparent, since all other 
data for vacuum cup systems show excellent precision for the 
element calcium. 

Another solution method that should be mentioned is that 
of Kenworthy [9]. He used the rotating disk with a photoelec¬ 
tric spectrometer and obtained excellent results. In Table VII 
his results are compared with those of the authors and those 
from several other laboratories that originally standardized 
these samples [15]. 

This investigation indicates that other methods can be used 
to introduce a sample into the anal 3 rtical gap. This experiment 
was carried out using the solution method of preparation used 
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in the first action method A.O,A.C. [13] with certain modifi¬ 
cations [10]. 

The data reveal that the vacuum cup electrode may be an 
added tool with which to analyze plant tissue. The use of this 
electrode should allow the operator to increase over-all out¬ 
put without increasing the cost per sample. 
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ABSTRACT 

A combination chemical-spectrographic method for de¬ 
termining metallic impurities in high-purity chromium is 
described. Chromium is removed from the metallic impurities 
by volatilization as chromyl chloride. The remaining solution 
is examined spectrographically for elements such as iron, 
nickel, aluminum, manganese, titanium, vanadium,magnesium, 
and copper in the 0.1- to 30-ppm range. Direct arcing of 
chromic sulfate is used for the determination of silicon. 

INTRODUCTION 

Chromiiun, a metal used for modem high-temperature 
applications, has good oxidation resistance, cold workability, 
high-temperature toughness, and availability. Brittleness, one 
of its less desirable properties, appears to be related to the 
impurities present. 

When the impomnce of the purity of chromium was first 
learned, the only satisfactory method for the determination of 
metallic impurities was the spectrographic analysis by DC arc 
excitation of chromic sulfate, which permitted detections in 
the order of 10 to 50 ppm. However, it soon became necessary 
to improve both the detectability and the accuracy of the de¬ 
termination of the impurity elements. To accomplish this, we 
selected a chemical separationstep—volatilization of chromium 
as the chromyl chloride—prior to spectrographic analysis. 
The impurities were thus concentrated from a large amount 
of sample into a small volume of solution free of the matrix 
material. Then the highly reproducible spark excitation could 
*Publi8hed in Anal. Cbem. 34, 621 (1962). 
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be used with solution standards to determine these concentrated 
impurities. Others have added the separated impurity elements 
to a powder matrix such as calcium carbonate to handle the 
very amount of impurity and then completed the analysis 

by DC arc spectrographic technique [2]. The solution spark 
offers greater precision and accuracy because of the inherently 
hi^er precision of spark analysis and because of less handling 
of the impurities. 


PROCEDURE 

Dissolve 5.1-5.5 g of chromium in 80 ml of 6 N hydrochloric 
acid and dilute in a 100 -ml graduated cylinder to give a chro¬ 
mium concentration of 0.1 g per ml. 

The excess above 50 ml, i.e., 1-5 ml, may then be tapped 
off and put into a crucible with 2 ml of concentrated sul&ric 
acid, dried, and ignited at 800®C to obtain chromic sulfate, 
which is analyzed by ordinary DC arc techniques to determine 
silicon and other impurities present in detectable amotmts. 

To the 50 ml of chromium solution which contains 5 g of 
chromium, add 40 ml of 60^ perchloric acid and 0.15 mg of 
cobalt (the cobalt is added as a 5-ml tap from 3 mg of pure 
cobalt metal dissolved in 5 ml of concentrated HNO 3 and 
diluted to 100 ml). Heat the solution gently to fumes of per¬ 
chloric and until the chromium is oxidized to the sexivalent 
oxidation state (deep red color). Continue heating the solution 
strongly and add concentrated hydrochloric acid, specific 
gravity 1.19, a few milliliters at a time, until the chromium 
is evolved. This will require about 40 to 60 ml of hydrochloric 
acid. Fume o£C any perchloric acid remaining. 

Remaining in the beaker from which the chromium was 
removed are the impurities and a trace of chromium. To the 
cooled beaker, add 1 ml each of concentrated sulfuric acid, 
hydrochloric acid, and nitric acid, and allow to stand for a few 
hours or overnight to ensure that the impurities dissolve 
completely. Dilute the acid solution with pure water to 5 ml. 
The sample is now ready for spectrographic examination. The 
samples are compared with standards by a solution-spark 
technique [1]. The spectrographic conditions are shown in 
Table I. 


STANDARDS 

Typical compositions for standards for impurity elements 
found in chromium are shown in Table II. The standards are 
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TABLE I 

Spectrographic Conditions* 


Electrical Parameters 

Discharge voltage 

16,000 

Capacitance 

0.007 fif 

Inductance 

50 iih 

Resistance 

Residual 

Discharges per 

240 

second 

Radio-frequency 

8 amp 

current 

Exposure Conditions 

Spectral region 

2200-4500 A 

Slit vidth 

0.02 mm 

Spark prebum 

10 sec 

period 

Spark exposure 

50 sec 

period 

Neutral filter at 


slit 

Film type 

SA-1 

Electrode gap 

5 mm 

Lower electrode 

Lucite cup, porous 
cup or rotating 
disk 

Upper electrode 

V^-in, diameter 
pointed electrode 
with Vi6" in. 
radius at point 


'Photographic processing and photometry ate car¬ 
ried out accarding to procedures outlined in "Meth¬ 
ods for EmissionSpectrocbemical Analysis," ASTM, 

October, 1957. 

taken through the same procedure, using the same quantities 
of reagents as for the samples. 

PHOTOMETRY 

Working curves are made by plotting the intensity ratios 
of a selected element line and an internal standard line vs. the 
concentration of element in parts per million. 

Analytical information can also be obtained by visual ob- 
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TABLE II 

Typical Standard Compositions Used with Solution-Spark 
Spectrographic Analysis (assuming impurities from 5 g 
of Cr are in 5-ml total volume) 


Standard 

ppm Each 
Impurity, 
Based on Cr 

mg/5 ml of 
Final Volume 

mg Co/ 5 ml 

Concn. 

HfeS 04 , 

1 

30.0 

0.15 

0.15 

20 

2 

10.0 

0.05 

0.15 

20 

3 

3.0 

0.015 

0.15 

20 

4 

1.0 

0.005 

0.15 

20 

5 

0.3 

0.0015 

0.15 

20 

6 

0.1 

0.0005 

0.15 

20 


TABLE HI 

Spectrographic Detection Limits (PPM) 
of Various Elements in Chromium after 
Volatilization as Chromyl Chloride 


Element 

Detection 

Limit, 

ppm 

Notes 

Mg 

0.01 

Blank usually 0.5 ppm 

A1 

0.5 

Blank usually 0.5 ppm 

Ca 

0.01 

Blank usually 0.5 ppm 

Mn 

0.05 


Cu 

0.1 

Blank usually 0.5 ppm 

Sn 

Volatile 


Pt 

1.0 


Y 

0.2 


Ti 

0.3 


V 

0.5 


Fe 

0.1 

Blank usually 0.1 ppm 

Ni 

0.5 


Zn 

2 


Mo 

0.3 


Pb 

1 


Nd 

30 


Zr 

0.5 
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servation of the film. This is effective if standards are used 
on each film—a recommended procedure in any case, unless a 
number of samples are being run at one time or on subsequent 
days. 

The detection limits of elements of interest are given in 
Table III. Blank corrections are made where necessary, ac¬ 
cording to the method of Pierce and Nachtrieb [3]. 


ACCURACY 

An indication of the accuracy of this method is given in 
Table IV, which shows amounts of various elements recovered 
after addition to a chromium specimen of known purity. 

A few elements, such as As, B, and Sn, are partially or 
completely volatile at temperatures of 200® to 220®C, the 
temperature at which chromium is evolved; therefore, they 
cannot be determined by this method. Other elements are not 
volatile or, as in the case of Mo, are lost by volatilization to 
the extent of only about 3^ [4]. Precision data on four repre¬ 
sentative impurity elements are presented in Table V. The 
data were collected by analyzing six portions of a solution of 
50 g of chromium. This method of sampling minimized any 
possible segregation of impurities in the chromium metal. 

The wavelengths, in angstroms, of the spectral lines which 
were used for the precision study are 2598.37, Fe; 3383.76, 
Ti; 3414.76, Ni; and 2576.10, Mn. The cobalt line, 3405.12 A, 
was used as the internal standard. 

DISCUSSION 

In performing this analysis, great care must be observed 
to prevent errors introduced by contamination. The chemical 
ware must be kept clean, the work must be done in a relatively 
dust-free area, and the reagents must be of high purity. 

Perchloric acid should be handled with caution even though 
the reaction with chromium is not particularly hazardous. It 
is important to liberate perchloric fumes only in a hood free 
from organic material. In performing this analysis over the 
past several years, this laboratory has had no accidents. 

More or less chromium could be used. Five grams was 
chosen because this amount is readily volatilized and results 
in sufficiently low detection limits for the impurities. 

Cobalt should be added to the solution to be analyzed be- 
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TABLE IV 

Recovery Data (values given in ppm) 


Description 

Mn 

Fe 

Ni 

Mo 

Y 

Cu 

Ti 

Zr 

Pb 

Analysis of Cr 
specimen 

0.2 

19 

2.7 

<0.3 

<0,2 

0.9 

<0.3 

<0.5 

<1 

Added, ppm 

1 

3 

3 

3 

3 

3 

3 

3 

3 

Total present 

1.2 

22 

5.7 

3 

3 

3.9 

3 

3 

3 

Detected ppm 

1.1 

21 

5.8 

2.2 

3 

4 

3 

2.8 

3 

Added ppm 

3 

10 

10 

10 

1 

1 

10 

10 

10 

Total present 

3.2 

29 

12.7 

10 

1 

1.9 

10 

10 

10 

Detected ppm 

3.2 

29 

11.5 

4.5 

0.9 

1.8 

9.4 

9.6 

7.2 


TABLE V 
Precision Data 


Aliquot 

Spectro- 
graphic 
Run No. 

Element, ppm 


Fe 

Ti 

Ni 

Mn 

I 

1 

23 

12 

13.5 

1.9 


2 

23i5 

12 

12.6 

1.95 


3 

23 

11.5 

11 

2.1 


4 

22 

10.5 

10.8 

2.0 

n 

1 

24 

12.2 

13.5 

1.85 


2 

23.5 

10 

10.8 

2.0 


3 

23.5 

11.2 

12 

2.1 


4 

24 

12.8 

12 

1.95 

III 

1 

25 

12 

12.5 

1.95 


2 

24 

12 

14 

1.9 

IV 

1 

22.5 

12 

11.8 

2.1 


2 

24 

11.4 

12.6 

2.15 


3 

23 

11.6 

12.2 

2.0 


4 

23 

10.8 

11.8 

1.9 

V 

1 

24.5 

11.8 

n.6 

1.85 


2 

24.5 

11.2 

12.2 

1.95 


3 

25 

11,9 

12 

2.05 


4 

23 

11.9 

12 

1.95 

VI 

1 

25.5 

11.9 

12 

1.9 


2 

24.5 

11.6 

12 

1.85 


3 

25.5 

11.6 

12 

2.1 


4 

25.5 

11.2 

12.5 

2.0 
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fore the fuming process to compensate for possible mechanical 
loss of the solution. Such loss of impurities would be accom¬ 
panied by a proportional loss of cobalt and the line-intensity 
ratios would be unaffected. 
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A FEATURE DIRECT-READING SPECTROGRAPH 
Walter G. Driscoll 

Baird-Atomic, Inc. 

Cambridge, Massachusetts 


Major efforts in spectrochemical systems designs have 
for years been directed toward total automation. As an il¬ 
lustration of this observation. Fig. 1 shows the first Dow-Baird 
Direct-Reading Spectrograph which was introduced 17 years 
ago, and Figs. 2 and 3 show more recent installations of Direct 
Readers at the Bureau of Standards and at Pensacola Navy Base. 

Although considerable progress has been made in automa¬ 
tion programs, there are still some economic and technological 
items which indicate the advisability of investigating some of 
the problem areas in spectrographic analysis before it will 
be realistic to envision completely "closed loop" control. 



Fig. 1. Original Dow-Baird Direct Reader. 
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Fig. 2. Baird-Atomic Direct Reader at the Bureau of Standards. 

With this philosophy in mind, Baird-Atomic has built and 
installed in the Armco Research Laboratory in Middletown, 
Ohio, what is probably one of the most unique and versatile 
direct-reading spectrographs that has yet been assembled. 
Figures 4-6 are photographs of the Armco Laboratory instal¬ 
lation and the Armco Direct Reader which will be discussed. 

Figure 7 shows the Direct Reader set up at our plant just 
prior to delivery. I will discuss the components of this system 
proceeding from left to right as they are shown in the figure. 

The optical arrangement of the instrument is basically 
similar to the several hundred Baird-Atomic Direct-Reading 
Grating Instruments which are presently operational throughout 
the world. As you know, Baird-Atomic Direct-Reading Instru¬ 
ments are modified Eagle mount spectrographs. The wavelength 
range is, to our knowledge, the widest ever covered with this 
type of direct-reading instrument. It is from 1930 A to 4200 
A in the first order using a 30,000 line grating. The dispersion 
is 2.78 A/mm in this order. A modified Eagle mount is used; 
hence the only reflecting surfaces are a 45° entrance mirror 
and the concave grating. Since there are only two reflecting 
surfaces, this optical geometry allows only minimum light 
loss and permits analyses to be performed on elements at 
very low trace concentrations. 

The Armco Research Direct Reader has a source unit 
(Fig. 8) which is external to the instrument. External sources 








Fig, 4. The third Research Direct Reader manufactured by Baird-Atomic (located 
at Armco Research Labs.). 
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Fig- 6. The new Baird-Atomic Direct Reader at Armco Research. 





Fig. 8. Source unit. 
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are uncommon in most direct-reading instruments which are 
being used daily. Its high-voltage spark can supply RF cur¬ 
rents from 0-40 amp in continually adjustable steps. The AC 
arc can be varied over ranges from 4800 v at 2,5 amp to 600 v 
at 10 amp. DC arc ranges are available from 0-50 amp in con¬ 
tinuously overlapping steps. A low-voltage arc is also available 
which is spark-ignited from 0-10 amp with a wide range of 
spark parameters which can be introduced at the discretion of 
the operator. In this large source unit, it is anticipated that 
most types of excitation of primary interest at present can be 
established and applied in a direct-reading problem. This 
versatility contrasts with the limited number of excitations 
usually available in a direct-reading spectrograph for one or 
several specific industrial applications. This added flexibility 
will provide industry with an opportunity to optimize the solu¬ 
tions of their day-to-day problems to a greater extent than 
heretofore possible. 

Turning again to some of the newer items, Fig. 9 shows 
an exterior optical bench and an enclosed stand. This variation 



Fig. 9. External bench and source stand. 
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Fig. 10, Control panel for program timing. 


was required by Armco and produced so that they would have 
the flexibility of using such accessories as stepped filters 
stepped sector wheels, and a variety of combinations of en¬ 
trance Optics. The stand, which is of a new design, is ex¬ 
tremely versatile in that it can handle pins, flats, and solutions 
as well as pellets and powders. As a matter of fact, provisions 
have been made to operate with the pins in a vertical or hori¬ 
zontal position or at a 45° angle. It is appropriate at this time 
to say that the possibility and advantages of using other types 
of sources, such as plasma jets, have not been overlooked. This 
exterior type of configuration lends itself to this type of adapt¬ 
ability and has the added advantage that the source which 
generates and radiates considerable heat, is outside the basic 
spectrographic instrument housing, thus eliminating a possible 
cause of undesirable temperature changes. 

On the front of the optical bench is the control panel for 
program timing. This panel is shown in Fig, 10, The pro¬ 
gramming subsystem of the instrument is unusually flexible 
to the extent that many variations of programming are readily 
available. For example, preburn timing can bevariedfrom 0-5 
min, as can the exposure time. Furthermore, if the operator 
so desires, the dark current can be subtracted at either the 
eginning or the end of a cycle, thus making it possible either 
to perform integration from the instant that the start button is 
pushed, or to delay integration until the volatilization has 





-ij. 
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Fig. 11. Master monitor controls. 


Fig. 12. Amplifier drawers. 
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Fig. 13. Clock console. 



Fig. 14. "A” frame (showing grating mount). 
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reached a stable state. If desired, integration can also be made 
on alternate cycles of 1 sec. 

The controls shown in Fig. 11 are conveniently located on 
the side of the spectrograph. They permit controlling and/or 
observing several situations: a) The position of each exit slit; 
b) the scope patterns of photomultiplier signals; c) scanning 
modes and tilt of the spinner plate; d) the shutter on the optical 
bench; e) the positive scan drive and setting of center refer- 
ence line on scope; and f) automatic and manual program 
timing. 

The electronics (see Fig. 12) for this direct reader are for 
the most part conventional with Baird-Atomic. However, two 
new options have been added to each amplifier channel. These 
options permit the selection, by the flicking of a switch, of 
one or two possible inputs for the amplifiers, and/or permit 
flexibility in the choice of integrating capacitors that are used 
with each amplifier channel. 

The readout clock console (Fig. 13) is presently connected 
to provide for the simultaneous analysis of 18 elements, two 
clock positions reserved for spares. An additional feature of 
this Direct Reader is that the strip chart recorder, shown on 
the right-hand side of Fig. 7, may be connected in parallel 



Fig. 15. ”A” frame (facing rear of focal curve). 
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Fig. 16. ”A" frame (side view of photomultipliers). 



Fig. 17. End view of photomultipliers. 
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with the anal 3 rtical clocks so that recorded information can 
also be available. 

Turning now to the inner mechanisms of the Spectrograph, 
Fig. 14 shows the massive "A" frame structure which assures 
stability and rigidity. The 3-m diffraction grating is also shown 
positioned as the rear of the Spectrograph with the Baird- 
Atomic Optical Servo attached thereto. The two mirrors in the 
foreground of this figure are positioned to collect sodium il¬ 
lumination, if desired, and the small mirror and photomulti¬ 
plier positioned in the center are for observing the central 
image that is received from the grating. 

Figure 15 shows the opposite end of the "A" frame, facing 
the rear of the focal curve. In the center is a filter mechanism 
that can be used to control the intensity of specific spectral 
lines. Also, the master monitor control is positioned in the 
center of the focal plane and the spinner plate mechanism is 
mounted as usual on the left of the frame. The series of 
resistors shown temporarily mounted to the electrical mounting 
board are the resistors which will madntain the last dynode of 
each photomultiplier above electrical ground. This board will 
eventually be mounted in a permanent and more appropriate 
location. 

The side view of this last collection of components (Fig. 
16) shows how deflection mirrors are mounted behind the 
optical focal curve to reflect the light received from each 
element onto as many as 40 different photomultipliers. Again, 
in the center of this figure the equipment for driving the • 
spinner plate that is utilized in setting the exit slits may be 
observed. 

There is one additional feature of this research instrument 
that can be pointed out in Fig. 16. In its center, the entrance 
slit to the Spectrograph and the 45® reflecting mirror can be 
seen. Mounted against the entrance slit is a removable entrance 
lens. This lens has been made removable so that other lens 
systems can be utilized with the instrumentation and mounted 
ahead of this position on the external optical bench. 

The last photograph (Fig. 17) was taken with the rear panel 
removed from the Direct Reader and with all of the photo¬ 
multipliers and ancillary optics properly positioned. The four 
mechanical units which facilitate positioning of the exit slits 
can be seen in this figure. These units control the individual 
slits separately from the top and bottom, and thus facilitate 
straightening a slit or positioning it to within microns. In the 
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lower area are covered compartments which contain electronic 
circuitry for electrically gating the eighth dynode of the 2 
photomultipliers which are used to servo-monitor this par¬ 
ticular Direct Reader. 



CARBON INTERNAL STANDARD IN THE 
SPECTROCHEMICAL ANALYSIS OF 
LUBRICATING OIL 

J.H. LaSell 

Cummins Engine Company 
Columbus, Indiana 


ABSTRACT 

The spectrographic analysis of lubricating oil for both wear 
metals and oil additive metals by the rotating disc procedure 
without the use of a buffer-internal standard is presented in 
this paper. In addition to the procedures vised, the accuracy of 
the method is measured in terms of precision, comparison 
with other methods using round robin tests, and a determina¬ 
tion of a confidence level in measuring engine wear based on 
actual engine tear-down inspection levels. 

Some e:q)erimental work indicates that the carbon in the oil 
sludge formed on the graphite disc is the source or part of the 
source of the 2296.89 C in line. Limited tests indicate that this 
2296.89 cm line could be used as the internal standard in the 
emission spectrographic analysis of other liquid organic ma¬ 
terials for trace materials, and other corrosion inhibitor 
metals such as boron, sodium, and chromium. 

INTRODUCTION 

The use of spectrochemical methods for measuring wear 
metals and oil additive metals in lubricating oil is not new. 
There are many references in the literature and several sug¬ 
gested standard methods listed by ASTM. This type of analysis 
as a tool for preventive engine maintenance is becoming very 
popular on diesel, gasoline, and jet eigines today. 

The general practice for this type of analysis is to use an 
added internal standard such as cobalt or nickel in the oil 
sample. One paper presented at the Chicago Symposium in 
1958 showed good results on a direct reader using the hydro¬ 
gen 4861 line as the internal standard. 
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The method to be presented here is avariation of the rota¬ 
ting disc technique using a high-voltage spark discharge for 
excitation. We have found it to be equivalent in accuracy to 
other photographic methods because it does not require the 
addition of an internal standard or buffer. The procedure is 
simple and does not require any more special care or tech¬ 
nique than other spectrographic procedures. 

APPARATUS 

1. Our power source is an Industrial Model Varisource. 
The excitation conditions used are shown in the upper section 
of Table I. 


TABLE I 

Procedure for Spectrochemical Analysis of Lubricating 
Oil with a Carbon Internal Standard 


Excltationi Conditions 


Capacitance 

0.005 juf 

Inductance 

40 jiih 

R. F. amps 

5 

Breaks per cycle 

5 

Paweistat setting 

90-96 

Draft 

0.15 in., water 

Spark gap 

3 mm 

Exposure Conditions 

Spectral region 

1850 to 4350 A 

Dispersion 

6.0 A/mm 

Slit 

30 \L 

Prebum 

40 sec 

Exposure 

22 to 30 sec 

Emulsion 

SAE I 30-mm film 

Filters 

Fogged film for 3273 Cu 


and 3302 Zn 

Photographic Processing 

Developer 

D-19 68*F 

Stop bath 

SB-IA 

Water rinse 


Fixer 

F5 

Water rinse 


Drying 

Sponge-warm air 
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2. An enclosed arc-spark stand equipped with a rotating 
electrode assembly is connected to an exhaust system, which 
is equipped with a damper and draft gauge and is used to re¬ 
move the carbon soot and other combustion products. 

3. We use the No. 106 preformed graphite disc electrode 
made by United Carbon Co. and L-3809 graphite rods made by 
National Carbon Co. The rods are cut to a 120* included angle 
tip and are recut after each bum. The mandrel used for the 
disc electrode is stainless steel and is silver-soldered to the 
collet of the rotating electrode assembly. The rotation speed 
is 5 rpm. 

4. The spectrograph is a JACO 3.4-m Ebert with a 15,000- 
lines/ln. grating. 

The long preburn will be explained in the discussion. With 
these conditions there is a minimum of continuum but we do 
make a correction. 

5. Densitometry is perfoimed on a Model 2400 JACO Micro 
Photometer which is a 35-mm film instrument. 

6. Calibration of the emulsion is by means of a seven-step 
sectored DC arc spectrum of iron. An average curve is con¬ 
structed for iron lines in each of the 2300 A, 2400 A, 2700 A, 
2800 A, and 3100 A spectral regions. 

7. Analytical curves are prepared by using the log of the 
ratio of the intensities as abscissa and the concentration as 
the ordinate. Shifts of the curve are adjusted according to the 
control standards used on each film. 

STANDARDS 

We prepare all of our own standards, using certified 
metalloorganic compounds blended with USP noineral oil with 
a viscosity of 335 to 350 SUS. The first attempts to prepare 
different standards by dilution or aliquoting methods were un¬ 
satisfactory. Our working curves covered only a short concen¬ 
tration range and we experienced poor reproducibility on some 
elements. We attributed this to the wide variation in the total 
element concentration of the standards. 

Our method of preparation of standards involves the pro¬ 
portionate blending of base stock solutions. One base stock 
contains all the wear metals in the highest concentration 
covered by the working curves. We then blend two oil additive 
metal base stocks. One is hig^ in calcium and phosphorus with 
low zinc and barium. The other is low in calcium and phos- 
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phorus, but hig^ in zinc and barium. The total element con¬ 
tents of these oil additive base stocks are approximately equal. 

By blending the wear metal base stock with either or both 
of the oil additive base stocks, we have a final standard which 
has a total metal content similar to that of the new or used oil 
to be analyzed. 


ANALYTICAL LINES 

In Table II are shown the anal37tical lines used, their con¬ 
centration ranges, the concentration index, and the slope of the 
working curve. The 2296.89 CHI line is used as the internal 
standard line for all analytical curves. By increasing the ex- 


TABLE II 
Analytical Lines 


Elements 

Line 

Cone. 

Range (ppm) 

Cone. 

Index (ppm) 

Curve 

Slope 

Fe 

2404 

50-800 

200 

48* 


2598 

1-100 

30 

53’ 

Mg 

2801 

1-100 

21 

58* 

Pb 

2833 

10-100 

95 

57* 

Cr 

2843 

1-50 

22 

58® 


2860 

20-110 

no 

58* 

Si 

2881 

2-50 

28 

63* 


2516 

25-150 

68 

52* 

Sn 

3034 

10-150 

130 

60* 


2839 

10-110 

no 

60* 

A1 

3082 

1-100 

28 

60* 

Cu 

3273 (filtered) 

1-60 

15 

51* 

B 

2496 

10-100 

38 

53* 

Zn 

3302 (filtered) 

160-1500 

470 

56* 

Ca 

3006 

200-7000 

2800 

58* 

P 

2536 

200-3000 

1500 

50* 

Ba 

2335 

50-700 

380 

50* 


2347 

600-7000 

2200 

58* 


2304 

50-500 

200 

58* 


2296.89 cm internal standard used with all analytical lines. 
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Comparative Analyses of Three Used Oil Samples 
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TABLE IV 

Day-to-Day Variations in Analysis of a Used Oil Sample 


Element 

Date Fe Mn Pb Cr Si Sn A1 Cu 2n Ca P Ba 


1-22-60 

58 

20 

26 

BD 

10.5 

1-29-60 

59 

22 

23 

2 

10.0 

2- 1-60 

7.0 

25 

26 

BD 

9.0 

2- 3-60 

62 

24 

19 

BD 

8.0 

2- 4-60 

66 

28 

21 

2.2 

9.5 

2- 5-60 

66 

20 

20 

BD 

9.0 

2- 8-60 

70 

22 

17 

BD 

8.0 

2-10-60 

58 

20 

20 

BD 

8.5 

2-11-60 

62 

26 

18 

BD 

11.0 

2-12-60 

70 

28 

25 

BD 

11.0 

2-13-60 

70 

20 

25 

2.1 

12.0 

Average 

64.5 

23 

22 


9.6 

Av. Dev. 

4.0 

3.0 

3.0 


1.0 


33 

12.0 

34 

720 

1600 

1800 

<50 

35 

8.0 

27 

660 

1500 

1500 

<50 

35 

7.5 

30 

720 

1900 

1600 

<50 

19 

7.5 

25 

740 

2000 

1350 

<50 

32 

8.5 

27 

800 

2100 

1600 

<50 

28 

8.5 

24 

620 

1650 

1400 

<50 

27 

7.5 

27 

720 

1700 

1300 

<50 

24 

7.0 

23 

640 

1800 

1750 

<50 

30 

7.5 

25 

800 

2000 

1500 

<50 

32 

12.0 

34 

750 

2100 

1750 

50 

33 

9.0 

29 

800 

2100 

1800 

50 

30 

8.6 

28 

727 

1860 

1577 

<50 

4.0 

1.3 

3.0 

49 

172 

155 



posure time to 60 sec, we can increase the sensitivity of the 
tin and lead to the 1-5 ppm range. Of course, this does increase 
the continuum. 

We have not found any serious interfering lines with the 
exception of the iron at or above 100 ppm on the 2536 phos¬ 
phorus line. The filter used on the 3273 copper and 3302 
lines is a fogged film strip located on the film holder rack just 
in front of the film. 


PREPARATION OF SPECTROGRAM 

Approximately 1.5 to 2.0 ml of the thoroughly mixed oil 
sample is transferred to a Coors No. 2 porcelain combustion 
boat with a soda straw used as a pipette. The quantity of oil is 
not critical, but should cover the OD of the graphite disc to a 
depth of about 1/16 in. when the sample is in sparking position. 

With the sample and electrodes in position, the spark stand 
is closed, the air draft gauge is checked, the graphite disc elec¬ 
trode is rotated at least one revolution, and the burning cycle is 
During the burning, the upper rod electrode is adjusted 
to maintain the 3-mm gap, and the excitation conditions are 
controlled throughout the burning. 

After the sample bum is complete, the sample and elec- 
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trodes are removed, the sample table and mandrel are wiped 
clean with a cleaning tissue, and the setup is ready for in¬ 
stalling the sample and electrode for the next burning. 
For each group of spectrograms on a single film strip, 
at least two standards are run to cover two points of the 
working curve on each metal to be determined. Some parallel 
curve shift is experienced; this is believed to be due to the 
age of the developer, the condition of the auxiliary electrodes 
of the power source, or variations in atmospheric conditions. 

PRECISION AND ACCURACY 

Since it is difficult to analyze lube oils chemically for the 
actual concentration of the different elements, we have resorted 
to comparative tests and analyses of synthetic samples. The 
reproducibility of our results for the same sample of oil is 
shown in Table Ill. These sets of results were from different 
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exposures on the same film strip. The differences are prob¬ 
ably due to changes in parameters or segregation in the 
sample. 

The day-to-day variations in analytical results are shovn 
in Table IV. There is an emulsion change in this group. The 
curve shift previously mentioned and its effect are included 
in this table. On the whole, the variations are not excessive. 

In Figs. 1-3 is presented a graphic comparison of our 
method with other methods. Analyses of fourteen different used 
lube oils were obtained from three laboratories for an evalua¬ 
tion of our method. The data in these figures are representative 
of those for the other elements which were determined. 

The legend for identif 3 dng the methods used in Figs. 1-3 
is as follows: 


Carbon Internal Standard Method 

•-• 

Direct reader—rotating disc 

0 .- ^ 

Photographic—rotating disc 

0—0 

Photographic—rotating platform 

o-o 


All of the procedures except our own use an added internal 
standard. In general, there is considerable variation in results 
from different laboratories for such metals as iron, silicon, 
alu m i nu m, lead, and copper, while the zinc and other additive 
metals show better agreement. The difference in agreement 
is probably a function of the physical state of the element, i.e., 
suspended solid, emulsified, or dissolved state. 

The values obtained for a new oil sample are presented in 
Table V. Something is known of the element concentration in 
such samples. All wear metals should beinthe "trace" or "not 
detected" range. Silicone defoamer is added in the range of 5 
to 10 ppm as silicon. Zinc, calcium, and phosphorus have 
nominal values of 600 ppm, 2500 ppm, and 1000 ppm, re¬ 
spectively. 

Analyses of six oil samples prepared by blending known 
weights of certified metalloorganic compounds in mineral oil 
are presented in Table VI. Results of the synthesized analysis, 
our own analysis, and the analysis obtained by a commercial 
laboratory using a spectrographic procedure are shown. Note 
that there is fairly good agreement between our results and 
the calculated results except for low concentrations of lead 
and tin. Oin: copper curve does not cover the range above 50 
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ppm, as we have no need for the actual concentration in this 
range. 

Since our original purpose in this study was to detect wear, 
I would like to cite the conclusions reported by our Quality 
Control Group. When actual engine tear-down inspection reports 
were compared to^ our engine evaluation on the basis of the 
lube oil analysis, the laboratory findings were more than 80^ 
correct. Five percent of the engines were called for excess 
wear, but were passed by the engine inspector. With better 
control over engine operating conditions, oil sampling, and 
wear evaluation standards, our degree of accuracy would have 
been improved. 

INVESTIGATION OF THE 2296.89 CHI LINE 

The question immediately arises in this work as to what 
the source of the carbon line is. We have proved the accuracy 
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of the method, both by comparison and by application. Never¬ 
theless, since we are burning an organic material containing 
approximately 855^ carbon between two graphite electrodes, it 
is desirable to determine which material is the source of the 
carbon line. 

For our first test we machined both disc and rod elec¬ 
trodes out of a pure copper bar and ran a sample of used oil 
with these electrodes. The spectrogram had a very dark con¬ 
tinuum over most of the wavelength range, but the 2296.89 
cm line was visible. The 2404 Fe line and the 2516 Si line 
were then measured and the intensity ratios checked on our 
working curves. The concentration values were inclose agree¬ 
ment with those obtained on the same sample with graphite 
electrodes. 

This test indicated that the excitation potential, at the 
parameters used, was sufficient to excite the carbon in the oil 
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TABLE V 

Comparative Analyses of a Sample of New 
Lubricating Oil by Four Different Methods 


Element 

Rotating Wheel 
Photographic 

Direct 

Reader 

Cummins 

Rotating 

Platform 

Photographic 

Fe 

4 

<5 

ND 

1 

Mn 



ND 


Pb 

ND 

2.5 

ND 

1 

Cr 

ND 

2.5 

ND 

1 

Si 

17 

2.5 

7 

2 

Sn 



ND 

1 

A1 

7 

2.0 

BD 

1 

Cu 

0,5 

<1 

ND 

1 

Zn 

300 

420 

500 

450 

Ba 

<100 


70 

93 

Ca 

>2500 


2200 

2900 

P 

Present 


lOOO 

940 


TABLE VI 


Comparative Sjmthesized, Cummins, and Commercial Labo¬ 
ratory Analyses of Six Oil Samples 


Element 

• 

CO 

Cum.* 

Com.* 

Syn. 

Cum. Com. 

Syn. 

Cum. Com. 


Sample No. 

1 

Sample No. 

2 

Sample No, 

3 

Fe 

130 

130 

127 

60 

58 

50 

10 

9 

8 

A1 

31 

34 

17 

8 

8 

2 

100 

110 

47 

Cr 

46 

47 

34 

27.5 

28 

19 

9 

10 

5 

Cu 

55 

gtSO 

48 

40 

46 

33 

20 

19 

16 

Si 

27 

29 

11 

9 

9 

2 

137 

145 

66 

Pb 

67 

66 

80 

49 

56 

48 

30 

37 

27 

Sn 

73 

68 

39 

56 

41 

29 

37 

34 

13 


Sample No. 4 

Sample No. 

5 

Sample No. 

6 

Fe 

320 

300 

230 

260 

249 

205 

190 

197 

162 

A1 

77 

70 

55 

62 

54 

55 

46 

46 

36 

Cr 

101 

101 

83 

83 

80 

75 

64 

68 

52 

Cu 

5 

5.5 

6 

100 

gtSO 

85 

75 

gtSO 

57 


133 

131 

97 

82 

76 

59 

55 

55 


BB 

10 

18 

12 

108 

100 

130 

88 

89 


■■ 

18 

20 

7 

9 

14 

3 

92 

76 



*Syn. B Calculated analysisfor synthesized sample; Cum. <■ analysis by the Cummins 
method; Com. * analysis by a commercial laboratory. 
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sample. Also, the electrode material had little effect on the 
excitation of the sample. 

To study this further, we ran moving plate or time-weight 
studies,^ using the copper electrodes with an oil sample, A 
comparison of this study with a similar study on graphite 
electrodes is shown in Fig. 4. Note the difference in the in¬ 
tensity of the carbon line during the early part of the bum and 
the leveling out at about 40 sec. After completion of the bum, 
the copper disc had a hard lacquer or varnish type residue 
on its OD. 

Additional tests with mixed copper and graphite electrodes 
were also run. The intensity of the 2296.89 C III line showed 
very little variation in all cases. This further substantiated our 
belief that the carbon line was independent of the electrode 
material, and was therefore due to the excitation of the carbon 
in the oil. 

In Fig. 5 is presented the results of a time-weight study 
on the intensity ratios of the different elements in an oil 
sample. The slope of many of these lines indicates a build-up 
in concentration on the rotating disc during the early part of 
the burn and then a constant emission over a long period. The 
more volatile elements such as zinc and” phosphorus tend to 
drop off in time. 

In another test we tried to determine whether this carbon 
line was only what might be called a monitoring line and 
whether the intensity of the element line was a direct fimction 
of its concentration. By plotting the percent transmission vs. 
concentration for the elements in our different standards for 
several spectrograms, we found considerable scattering. When 
these percent transmissions were changed to intensity ratios 
using the 2296 carbon line, we obtained a narrow band on bol±i 
sides of our working curve. This was proof that the carbon line 
functioned as a true internal standard. 

Since most of our tests were on oil samples of fairly uni¬ 
form carbon content, we tried to evaluate the effects of varying 
the carbon content. Tests were made on various SAE grades of 
new and used oils in which the benzene insolubles varied from 
zero to as much as 15^ by volume. Some increase in intensity 
of the carbon line was detected, but the over-all variation for 
all oil samples was less than 15^ transmission. 

Some samples of silicone oils with carbon contents of 
32.4?^ and 57.8^ were run to study the effects of this lower car¬ 
bon content on the intensity of the 2296 C line. The intensities 



252 


J.H. LaSELL 

were somewhat less, but unfortunately there was either a de¬ 
hydration or polymerization reaction which took place and 
loaded the wheel with a gel. This made it difficult to maintain 
the gap spacing. Furthermore, the amount of build-up on the 
wheel made the results doubtful. 

Some time ago we were asked to determine the sodium 
metaborate content in a proprietary brand of permanent anti¬ 
freeze. Standards were prepared by adding aliquots of a con¬ 
centrated water solution of sodium perborate to ethylene 
glycol. These standards and a sample of the antifreeze were 
excited in the same way as ohr oil samples and the sodium 
and boron contents determined by the same method used for 
oil. Calculating the sodium and boron to sodium metaborate 
in the antifreeze sample gave a value within 20^ of the nominal 
concentration specified by the antifreeze manufacturer. 

The results of this antifreeze analysis may open up a new 
approach to the problem of analyzing for metal content in 
liquid organic materials. We feel, moreover, that using carbon 
as an internal standard will eliminate variations in analytical 
results which result from the introduction of other internal 
standard metals in some types of analysis. 

We believe our laboratory investigations substantiate our 
theory that the 2296 C line is due to the excitation of the car¬ 
bon in the oil. However, we are not convinced that the graphite 
electrodes are not at least part of the source of the 2296 C 
line. We welcome any comments or suggestions relative to 
this method of analysis or our investigation of the 2296 C line. 
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SOME UNSOLVED PROBLEMS IN X-RAY 
ABSORPTION SPECTROMETRY 

H. P. Hanson 

University of Texas 
Austin, Texas 


This X-ray session of the Thirteenth Annual Mid-American 
Spectroscopy Symposium has brought together a relatively 
large group of people who are interested in the spectroscopy 
of X-ray absorbers and emitters in situ. It is probably the 
largest such group assembled since the conference organized 
by Professor Beeman and held at the University of Wisconsin 
about a dozen years ago, I hope we can profit from this as¬ 
semblage. 

While certain advances in theory and experiment have 
been made since the Wisconsin conference, and while there 
has been clarification and reformulation of the problems, 
there have been no dramatic breakthroughs. The reasons for 
this desultory pace of progress on what are intrinsically chal¬ 
lenging and interesting problems are perhaps manifold, but I 
shall comment briefly on only two. 

First, the problems have been around too long. In the early 
days of crude theory and cruder experiment, some of the 
greatest names in physics concerned themselves with these 
problems. Meager data adequately checked the available theory; 
aud the lun^aries of physics went on to other fields, perhaps 
little realizing they were leaving pockets of unsolved problems*. 

Second, there seems to be a sad lack of acrimonious con¬ 
troversy. There have been a number of basically divergent 
points of view propounded in the literature but we all seem 
merely to say, "you may possibly be right,” and then return to 
our own attitudes and our own particular experiments. I know 
of no other field of physics in which there has been a greater 
tendency to ignore what has been done by other workers in the 
field. In many cases this may be a wholly justified procedure 
(perhaps, especially when it is my work that is involved), but I 
believe that most of you will agree that the discussions in the 
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literature are frequently too specialized and too ad hoc. I think 
we should engage in more solid argument so that we will all be 
forced to re-examine some of the things we have said—re-ex¬ 
amine, defend, and possibly discard. 

Therefore, since there are so many people gathered here 
who are interested in this problem, we could hope for some 
concrete advances. Rather than presenting some completely 
noncontroversial measurements, with a minimvim of interpre¬ 
tation representing the modest amount we think we understand 
about this field, 1 want to challenge the group with some prob¬ 
lems that Ifeel need solvingbefore we can really make progress 
and with some statements that should elicit some rebuttals. 

To me it is very interesting andgrafifylngthat we have ar¬ 
rived at a stage where X-ray absorption spectrometry (and I 
shall primarily concern myself with absorption rather than 
emission) can command a whole day's program at an Applied 
Spectroscopy Symposium. But surely it must be true that in 
order to realize the ultimate potential of the technique, we 
must have a better understanding of what physical processes 
are involved in the production of the absorption edges as we 
measure them. 

There are numerous problems associated with the inter¬ 
pretation of edge structures, not the least of which is the funda¬ 
mental difficulty of obtaining good data. For years the data put 
into the literature were not plotted as the absorption coefficients 
but rather as photometric traces of transmitted intensities of 
a photographic plate which had been exposed to the dispersed 
beam with an appropriately placed absorber. Part of this diffi¬ 
culty was eliminate when it became rather standard to plot 
log Iq/I. Then it was shown by Parratt [1] and co-workers that 
data obtained with thick samples were washed out because of 
the shape of the spectral window. This accounted for an effect 
which many of us had noted but had not regarded with the pro¬ 
per curiosity. 

There is still another simple effect that must be considered, 
sample uniformity. In many of the salts it is difficult to get a 
really uniform sample, and what is worse, we have no quantita¬ 
tive way of expressing the lack of uniformity or its effect on 
the edge profile. It is readily shown that the general result of 
nonuniformity is to bow the edge structure upward, eliminating 
contrast in the high absorption region. Some of my students, in 
the process of taking and analyzing their data, have investigated 
this point on the basis of various distributions of particle size. 
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tntt l am not particularly Impressed by the generality or sophis¬ 
tication of our approach. 

All In all, there Is' probably a vast amount of really poor 
data In the literature-some of which Is mine. Then there is 
also a considerable amount of data which is admittedly not 
really good by the most stringent criteria, but which is prob- 
ably netted either—and this I rather suspect includes most of 
mine. There is much of this type of data that has an almost 
quantitative correctness-and these data should not be and 
cannot be justifiably ignored. I wish to emphasize here that no 
mmor correction for resolving power or sample thickness or 
s^ple nonuniformity can alter the fact that these data have 
strong immutable features which need explanation. 

“s now consider what we can believe about the extant 
theoreti^ interpretations. I believe that first of all we can 
accept the fact that the high energy structure, the so-called 
onig structure, is really due to an interference-diffraction 
^e phenomenon involving the passage of the ejected electron 
crystalline lattice. We have seen good evidence 
that the ed^ structure is related to the crystalline structure 
per se , but it would probably be a pointless way of investigating 

which we get precise information from 
o^r types of e3q)eriments. There may be something to learn 
^ut^ passa^ of electrons through crystalline material, but 
• Kronig structure, is not well defined-and it 

IS Ifficult to conceive that any theory would be critical enough 
to deinand precise and detailed agreement with experiment. 

® Where the 

major puple lies forthe physicist, andIbelieve for the chemist 
as well. It IS here that the structure is well defined and shows 
dependence on the number, the nature, and the 
binding of the nearest neighbors. This region of the edge is 
generally referred to as the Kossel structure. 

^ *?®^®^® “ *lds group there are only two or three basic 

i^runents about which we couldpossibly arrive at any agree- 
QfiiH-* v,° include for discussion the long-wavelength 
appropriately be considered to be ultra- 
ft involve different energies and different life- 
ti^s. At present there seems to be solid state information 
to be gleaned from such studies. 

well^^ V ^® on. the first is the 

studies Tn 1-Ti Parratt [2] on argon gas and related 

studies. In these we examine the excitation from the K shell into 
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empty levels which are truly 4p in character and are to be as¬ 
sociated with the excited but otherwise unperturbed atom. Here 
the original analysis of Parratt cannot be otherwise than es - 
sentially true even though more recent study makes the agree¬ 
ment between theory and experiment less satisfying. The 
structure of the solidified gases is, of course, still unaccounted 
for. 

The other basic work which is probably correct in its 
interpretation is that of the Hopkins school having to do with 
metals, particularly the work of Beeman and Bearden [3]. 
Slater [4] has pointed out that the relaxation time in metals is 
such that the edge structure probably does reflect characteris¬ 
tics of the empty bands. 

It should be noted, however, that there are modem theories 
about thetransitionmetals, notably those of Lomer and Marshall 
[5] and Mott and Stevens [6] which present quite a different pic¬ 
ture of the population of the d bands than was previously held. 
It would seem that this experiment should have something to 
say about whether the d bands fill uniformly or undergo the 
abrupt population shift indicated by the experiments of Weiss 
[7] and perhaps those of Shull and Wilkinson [8]. It may be that 
these absorption edge measurements ought to be re-examined 
in terms of these more moddrn theories. It may, for example, 
account for the fact that there has never been any indication 
of the splitting of the 3d levels as is ordinarily considered to 
be the case in the conventional theory. Thus, even this experi¬ 
ment and particularly its analysis is by no means a completed 
chapter. 

To me it would seem that the next problem most amenable 
to analysis should be that of the ion in solution. Here it is that 
the ion is most nearly like a free ion, unaffected by the re¬ 
peating character of the lattice, although it is surrou^ed by a 
hydration layer which is quite strongly bound to the parent ion. 
As a first approximation, one can assume that the ion absorbs 
X rays as if it were truly free, so that the theory is no different 
than the picture developed by Parratt for argon. Beeman and 
Bearden [9] exploited this idea for the edge of the ions of certain 
divalent metals and found an impressive correlation of theory 
and experiment. However, there are other theories of edge 
structures which are essentially unrelated to the Beeman- 
Bearden approach. There is, for example, the interference type 
theory such as is reasonably successful for polyatomic gases. 
There noight also be am application of the electron plasma os- 
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ciUation concept advocated by Marton [10]. One thing is cer¬ 
tain—there are no inferences to be drawn here about solid 
State phenomena. 

Recently Van Nordstrand [11] has contended that the inter¬ 
ference concept is the one that should be invoked. He points out 
that the Kossel structure in argon occupies an energy range of 
only a few volts. Now if the ion in solution truly absorbed as if 
it were free, Van Nordstrand's argument would be specious 
because it really should take some 20 or so volts merely to 
remove the outer two electrons of the parent atom, and rhia 
certainly would give the t 3 ?i)e of edge structure fomid. But Van 
Nordstrand questions whether it can readily be defended that 
an unperturbed potential well of about 40 volts for the K excited 
ion could really exist in solution. There has already been ref¬ 
erence to the hydration layer in which the water molecules 
with their strong dipole moments attach themselves to the 
central ion—the bonding being presumably of a simple electro¬ 
static character. A calculation of the radial distribution for the 
4p state to be associated with the K excited state of the ion 
shows the position of the maximum radial probability to be as 
large as the distance of the water molecules from the central 
ion. In other words, it is necessary either to consider that the 
energy levels are greatly modified by the presence of the 
lig^ds, or to introduce an effective dielectric constant. In 
either event, the depth of the well for the electron in the field 
of the K excited ion is probably considerably less f-han could 
account for the structure in the way we have done, thus sup¬ 
porting Van Nordstrand's point of view. 

Thus, even though there may be apparent qualitative agree¬ 
ment between theory and experiment for the cations, one must 
investigate the situation for anions. Certainly here there will be 
no potential well of the same nature as m iglif exist for the 
cations. The negative charge on the anion would mdicate that 
an ejected K electron could be only very loosely bound. How¬ 
ever, when one makes the measurement on bromine, for ex¬ 
ample, there is a strong absorption peak some ten or more 
volts wide. This despite the fact that the neighboring element 
gaseous krypton shows no structure at all for quite understand¬ 
able reasons. This may well indicate that the structure is due 
to mterference—certainly it casts doubt onthe interpretation of 
the cation edge structure. Whatever phenomenon is involved in 
producing the edge in the negative ion must surely contribute 
to the structure found in the metal ions as well. 
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If it thus turns out that the free ion explanation advanced 
for the edge structures in solutions is invalid, then this cer¬ 
tainly 'Will invalidate the discussions by Cotton and me [12] of 
the application of crystal field theory to the edge. The extension 
of the Beeman-Bearden concept to salts of high S 5 ntnmetiy is 
basic to our treatment. Presumably in cases where the nearest 
neighbors of the metal atom are bound to it largely by ion-ion 
or ion-dipole forces, we should have a tractable problem, since 
a fairly detailed picture of the organization of the optical levels 
of the metal atom can be obtained by the application of crystal 
field theory, in which the Stark perturbations of the metal or¬ 
bitals are calculated to the first order. If, however, the K elec¬ 
tron is not sent into bound states, as Van Nordstrand suggests, 
or even if the levels are greatly modified, then our treatment 
is nonsense. 

Let us grant that there is serious reason for doubting our 
model of ionic absorption, and consider the presumed alterna¬ 
tive. I find it hard to accept the interference model because in 
its simplest aspects it does not involve the atomic selection 
rules. Yet it is possible to cite numerous examples of the fact 
that the selection rules do play a prominent role. Comparing 
the Li, Lii, and Lui edges of tungsten [13], for example, one 
finds the Lu and Lm edges are virtually identical, with a sharp 
peak brought about by the p -*'(i transition, while the Li edge is 
essentially structureless. Furtheannore, energy cycles show 
that theL„ and Lmedges occur comparatively at lower energies. 

Another thing which I consider to be significant in this re¬ 
gard is the shape of the edges in zinc. Even in the pure metal 
one finds quite a strong sharply peaked initial absorption com¬ 
pared to the transition metals which precede it in the periodic 
table, and in the ions the effect is even more pronounced. Ul¬ 
timately this must be because in the zinc atom we have a closed 
3d shell in an S state which does not interact extensively with 
the 4p levels. These effects are shown in Fig. 1, particularly 
the sharpness of the peaks. 

Further, we note the similarity of the three edges. In the 
instance of ZnF 2 , the Zn'**^ ion in aqueous solution, and 
ZnSOi • 7 H 2 O, the zinc is in a position of octahedral symmetry. 
The edges are quite typical of ionic compounds. 

In Fig. 2, a similar set of data is seen for nickel. The only 
essential difference lies in the fact that the initial peak is not 
so prominent, which concurs with my previous statement. The 
essential point is this: The ion in solution and the hydrated salt 
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have essentially identical structures (which is not so unex¬ 
pected) , but the well-defined fluoride salt also shows the struc¬ 
ture. 

It is for this reason that I have never been quite able to 
accept without considerable reservation thp interpretations 
which have been placed on the edge structure in the painstaking 
KCl measurements. On the basis of our measurements on Ni 
and Zn, for example, I would not be surprised if the edge struc¬ 
ture of K+ in a water solution would be similar to that of solid 
KCl. I truly hope that my impressions are wrong on this score. 
But if my conjecture proves to be the case, then there is little 
solid state information to glean from even the best of such 
measurements. It would be a difficult experimental problem 
and as far as I know the only data on KCl in solution were ob¬ 
tained by Japanese workers [14}, and their photometric traces 
are not at all conclusive. 

We have considered cases of high symmetry of the ligands. 
Let us next consider some cases of slightly lower symmetry, 
namely, the tetrahedral structure. Within the framework of 
crystal field theory, the edges should not be greatly different 
from the octahedral case. 

In point of fact we find the interesting group shown in Fig. 3. 
In each of these structures the Zn is in a site of tetrahedral 
symmetry. The edge for ZnO may not be much different from 
the Zn'''^ ions shown in Fig. 1, but the ZnS is rather different 
and the ZnFe 204 is certainly passing strange. 

I must make a parenthetical note here. I mentioned the exis ¬ 
tence of bad data in the literature, and one of my contributions 
to it has been a curve of ZnS which I published [15], Probably 
from a combination of poor crystals, samplethickness, sample 
nonuniformity and perhaps again even sampleimpiority [11],the 
published curve of ZnS shows these two first peaks as being 
about the same height, which is quite wrong. 

The Zn 2 Fe 04 data are particularly interesting. This ferrite 
is a normal spinel in which the zinc has the same immediate 
surroundings as it has in ZnO. The peak looks almost as if it 
were split by the action of a magnetic field, but calculations 
show that the local fields must be too small by at least an order 
of magnitude. 

This is not the only remarkable edge structure which a 
tetrahedron of oxygen molecules can produce. A number of 
years ago, in Professor Beenaan's laboratory I measured the 
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edge structure of manganese In KMn 04 . Here one gets a narrow 
peak which is only a bit Avider than the crystals. 

We find this same symmetry in K 2 Cr 04 . VanNordstrand has 
grouped the edges for these two_ complexes together, which 
certainly must be proper. Nevertheless, they are different in 
^ least one respect, which may or may not be significant. In 
me chromate, there is a second small hump, first observed I 
believe Sa^er [16], between the first peak and the maiti 
edge. This brings me to the final point I would like to make. 

I cannot si^scribe to an opinion expressed in the published 
iscusslon which followed one of VanNordstrand's [11] presen¬ 
tations in which it was stated that there was an advantage to the 
low resolution of the single crystal work. These edge structures 
are already so lacking in detail that one can scarcely aj^ord to 
lose any-and it is possible to mechanize a two-crystal spec¬ 
trometer so as to painlessly get information out to several 
hundred volts beyond the initial edge. If we do not take all the 
resolution we can, I feel we are merely proving the old saw that 
in the dark all cats are g^rey. 
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X-RAY ABSORPTION EDGE STUDIES 
OF SUPPORTED COBALT CATALYSTS 

Rolland O. Keeling, Jr.* 

Gulf Research and Development Con^any 
Pittsburgh, Pennsylvania 


ABSTRACT 

Evidence is presented which suggests that the adsorption 
sites necessary to initiate the formation of the 8 -phase (Co^^ 
ions occupying positions in the structure of the support) in 
supported cobalt catalysts are acid sites. In addition the 
S-phase is found to be more difficult to reduce than the ^-phase 
(CojOi), and the presence of a competing ion (Ni*^ in the im¬ 
pregnating solution is found to increase the proportion of 
cobalt in the -phase. The assignment of octahedral coordi¬ 
nation to the Co'*'^ ions in the 8 -phase follows from measure¬ 
ments of the Co R-absorption edge in spinel-type compounds. 

INTRODUCTION 

In a previous study [ 1 ] of cobalt R-absorption edges in sup¬ 
ported cobalt-on-alumina (Co/AljOj) catalysts, the shape and 
position of the edge was found to vary with concentration over 
the range from 0.8 to 7.5 wt ^ cobalt. The edge corresponds to 
that of C 08 O 4 at 7.5^ and shifts to lower energy with decreasing 
concentration (Fig. 1 ). This observation was attributed to an 
increased proportion of divalent cobalt at the low concentration 
[ 2 ]. Similar measurements [ 1 ] on supported cobalt-on-silica 
(Co/Si 02 ) over the same concentration range gave only the 
C 03 O 4 edge (Fig. 2 ). Subsequent magnetic susceptibility and 
chemical kinetic studies [3] confirmed the absorption edge re¬ 
sults and extended our knowledge of the structure of these 
catalysts. The resulting model [3] of the C 0 /AI 2 OS system 
postulates the existence of two cobalt-containing "phases." 
One of these is a dispersed ( 8 ) phase predominant at low con- 

<Now with Department of Physics: The Michigan College of Mining and Technology; 
Houghton, Michigan. 
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Fig. 1 . Cobalt/C-absorption 
edges in(a)7.556Co/Al20s, 
and (b) 0 . 8 %Co/Al 2 O 3 .The 
dotted-line curveisC 03 O 4 . 
The mean standard devia¬ 
tion of experimental points 
from the curves is shovrii 
here and in succeeding 
curves (where significant) 
by the customary vertical 
bar. 

centrations (<1.5^) and consisting of divalent cobalt associated 
with the alumina support. The otherisanondispersed (p) phase 
predominant at higher concentrations and consisting of C03O4, 
When impregnation is carried out in relatively weak solutions 
pDelow about 0.2 M Co(N03)2], niost of the cobalt is adsorbed by 
the alumina surface. Subsequent calcination of the dried cata¬ 
lyst causes this adsorbed cobalt to diffuse into the alumina 
structure, giving the 8 -phase. In stronger impregnating solu¬ 
tions the adsorption sites are saturated, leaving a relatively 
large portion of the cobalt in solution in the pores of the sup¬ 
port. This solution dries to give a hydrated cobalt nitrate 
which in turn converts to C03O4 during calcination. One inter¬ 
esting result of the magnetic measurements was that the ab¬ 
solute amount of cobalt in the ^-phase did not increase to a 
maximum with increasing total cobalt concentration and then 
rem^n constant as might be expected but, after attaining a 
maximum at about 1.2^ total cobalt, began to decrease until it 
was virtually imdetectable at 7.0?^, This result is explainable 
if, during calcination, the occluded cobalt nitrate incorporates 
all adsorbed Co +2 ions with which it is in contact. 
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Fig. 2. CobaltK-flbsorption 
edges in (a) 6 . 2 % Co/SiOgf 
and (b) 0.8% Co/SlOg. The 
dotted-llne curve is Cos O 4 . 


In Co/Si 02 there is no detectable S-phase above 0.5 wt ^ 
cobalt. Below this concentration the evidence is inconclusive. 
In any event the tendency for the formation of a S-phase on 
silica is much less than on alumina. The calcined silica-sup¬ 
ported catalyst is viewed as a simple distribution of particles 
of C 03 O 4 within the pores of the support. 

The present work is concerned with pursuing certain im¬ 
plications of the model of these catalysts by the X-ray absorp¬ 
tion edge technique. Points covered in this study are: 

1. The relation between the acidity of a support and its 
ability to form a 5-phase. 

2 , The relative reducibilities of the S- and fJ-phases. 

3. The effect of a competing ion OSIi'^^ in the impregnating 
solution. 

4, The coordination of the Co*^ ion in the 8 -phase. 


EXPERIMENTAL 

The absorption edges reported here were recorded with a 
two-crystal X-ray spectrometer employing the ( 111 ) planes of 
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Pig. 3. CobaltK-absorption 
edges in (a) metallic co¬ 
balt; (b) CoO; and (c) C 03 O 4 . 
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Pig. 4. Cobalt K-absorption 
edges in( 8 ) 00304 ; (b)CoO; 
and (c) l.OJSCo/SiOj-AlgOs- 
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silicon crystals in the (1,-1) position. The X-ray source was 
a Machlett OEG-50, tungsten-target tube powered by aNorelco 
X-ray generator with current and voltage stabilization. The 
data were collected automatically in stepwise intervals of ap¬ 
proximately 0.5 or 1.0 ev from about 15 ev below the edge to 
35 ev above it. An automatic sample changer made it possible 
to measure the transmitted intensity for each of three samples, 
one of which was a reference sample of CoO or C 03 O 4 (Fig, 3), 
and to monitor the incident beam at each spectrometer setting 
before proceeding to the next. Transmitted intensities were 
measured with a Geiger counter and the associated Norelco 
scaler. Elapsed times for a fixed count (usually 6400) were 
recorded by a Streeter-Amet printer. The final curves are 
averages of five independent runs. These curves are normal¬ 
ized plots of log <y[), whereis the incident intensity and I the 
transmitted intensity in coimts/sec, vs. B-Ep, where Ep is the 
energy of the first inflection point on the edge for cobalt metal 
(Fig. 3). The normalization is such as to make the height of 
all edges equal. 

Samples of catalysts were in the form of thin pressed disks 
1 in. in diameter and of such thickness as to give from 0.5 to 
1.0 mg cobalt/cm^ of the disk. Samples of compoimds were 
prepared by spreading the powdered substance on cellophane 
tape to give a uniform thickness of from 1.0 to 3.0 mg co¬ 
balt/cm*, depending on the compound. 

RESULTS 


Cobalt-on-Silica-Alumina 

The presence of a 5-phase on alumina and its absence (in 
detectable amounts) on silica suggests a direct connection 
between 5-phase formation and the acidity of the support. If 
so, then a coprecipitated silica-alumina support, being even 
more acidic than alumina, should yield a more prominent 
5-phase. With this in mind, two samples of cobalt on a copre¬ 
cipitated support of 50 wt ^ silica and 50 wt ^ alumina 
(Co/Si 02 -Al 20 s) were examined by the absorption edge tech¬ 
nique. One sample contained 1 . 0 ^ cobalt and the other 3.2^. 
The results fift: Ae 1.0^ sample are shown in Fig, 4. The initial 
rise of the absorption coefficient and the position of maximum 
absorption in this sample coincide with that of CoO, indicating 
divalent cobalt. There is no suggestion of the presence of C 03 O 4 . 

In the more concentrated sample (Fig. 5), the absorption 
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maximum has shifted to higher energy and the decline of the 
absorption coefficient above the maximum is less rapid. Both 
of these features suggest the presence of some C03O4. Thus, 
it follows that this system may be described in a manner anal¬ 
ogous to that for C0/AI2O3. ITiat is, a 5-phase (consisting of 
divalent cobalt associated with the support) predominates at 
low concentration while a / 3 -phase (consisting of C03O4) pre¬ 
dominates at higher concentrations. Assuming that within the 
limits of measurement the 1.0^ sample consists of pure 
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5-phase aiid that the 3.2^ sample is a mixture of the two phases, 
a quantitative analysis of the 3.2^ sample was carried out by 
comparing the experimental points with curves computed from 
the weighted averages of curves for the pure phases. A further 
assumption underlying this process is that the absolute ab- 
^osfficients at maximum absorption in the two pure 
phases are equal. The comparison is shown in Fig. 6 , in which 
it can be seen that the calculated curves for Ns (the fraction of 
cobalt in the S-phase) = 0.45 and Ns= 0.50 agree about equally 
well with the eiqjerimental points; the former gives the better 
fit in the low-energy region, and the latter the better fit in the 
high-energy region. From these curves we conclude that the 
fraction of cobalt in the-phase in the 3 . 2 ^ sample is 0.48 
± 0,05. 

It is interesting to compare the results of this work with 
previous quantitative results on the C 0 /AI 2 O 8 and Co/Si 02 sys¬ 
tems obtained from the magnetic susceptibility measurements 
[3], This is done in Fig. 7, in which N-s is plotted as a function 
of total cobalt concentration for each of the three systems. 
From this plot it is evident that the S-phase persists to much 
higher concentrations in Co/Si 02 -Al 208 than in C 0 /AI 2 O 3 . A 



S102-A1203* 




270 


HOLLAND O. KEELING. JR. 

measure of the tendency of a support to form a 5-phase may 
be taken as the concentration at which Ns = 0.5. In Co/Si02, 
the exact value of this concentration is unknown but it cer¬ 
tainly lies below 0.5 wt Co. In C0/AI2O3 it is 1.55^ and in 
Co/Si02-Al203 it is approximately 3 . 0 ^. These concentrations 
are in the same order as the relative acidities of the supports 
and therefore bear out the hypothesis of a connection between 
the acidity of the support and its ability to form a 5-phase. 

Relative Stability of the 5 - and jS—Phases in C0/AI2O3 to Attempted Re¬ 
duction in Hydrogen 

Results of measurements to determine the relative stability 
of the 5 - and/Q-phases to attempted reduction in hydrogen are 
presented in Figs. 8 and 9 . In Fig. 8, the edge for a sample con¬ 
sisting primarily of the 5-phase is shown before (a) and after 
(b) a 5 -hr e^osure to hydrogen at 500 ®C. This sample, with 
1.73 wt ^ Co, was prepared by a triple impregnation in a solu¬ 
tion of 0.05 M Co(N 03)2 with calcination at 500 ®C between suc¬ 
cessive impregnations. The similarity of these curves, particu¬ 
larly in the region of the initial rise, indicates that very little 
reduction has occurred. In Fig. 9 the edge for a singly im¬ 
pregnated sample having 5.0 wt 5^ Co is shown before (a) and 
after (b) the same treatment. Before exposure to hydrogen the 
edge is virtually identical to that of C03O4, as expected. Fol¬ 
lowing exposure the edge has shifted to a much lower energy. 
This curve is interpreted as arising from a mixture of CoO and 
metallic cobalt. Hence, the 5 -phase in C0/AI2O3 is difficult to 
reduce while the 6-phase reduces readily. 



Fig. 8 . CobaltK-absorption 
edges in 1.74% C 0 /AI 2 O 3 
(triple impregnation) be¬ 
fore (a) and after (b) a 
5-hr exposure to hydrogen 
at 500®C. 
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Fig. 9. CobaltK-absor|itlon 
ei^s In 5.0^ Co/AlgOs 
(single Impregnation) be¬ 
fore (a) and after (b) a 
5-br eiiposure to hydrogen 
atS00“C. 


Competitive Effect of Ni'*'^ in the Impregnating Solution 

The competitive effect of another cation in the impregna¬ 
ting solution is illustrated in Fig. 10. Curves (a) and (b) are 
for C 0 /AI 2 O 3 catalysts containing 1.0 and 1.5 wt $ Co, respec¬ 
tively. These differ in the expected way, with (b) showing a 
larger proportion of Co $04 than (a). Curve (c) is from a sample 
containing 1.0 wt ^ Co + 0.5 wt ^ Ni. This curve, instead of 
being similar to (a), is more nearly the same as (b), sug- 



Fig. 10. Cobalt K-absorption edges In (a) l.O^g Co/AlaOs; 
(b) 1.5% Co/AlsOs; and (c) 1.0% Co + 0.5% Ni/AljOs. 
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gestlng nearly equal proportions of C08O4 in samples (b) and 
(c). In other words, the presence of nickel has forced an ab¬ 
normally large amount of the cobalt into the )Q-phase by tying 
up some of the adsorption sites. 


Effect of Coordination on the Cobalt fC-Absorption Edge 

The observed magnetic moment of the Co ion in the 
5 -phase in C0/AI2O3 ( 4.94 iib) was found to correspond more 
closely to that for octahedral coordination ('-5.0) than to 
that for tetrahedral coordination ('- 4 . 3 /z^) [3]. In order to see 
whether or not the effect of coordination could be observed in 
absorption edges it was necessary to carry out a series of 
measurements on compounds having divalent cobalt in a 
known coordination. For this purpose the spinel-t3^e com- 
poimds Ge[Co2]04, Fe**[Co*2Fe*®]04, Co[Al2]04, Co[Cr2]04, 
and ColMn2]04 were chosen.* The first two, together with the 
oxide CoO, provide three samples in which the Co+2 ions oc¬ 
cupy octahedral sites. The absorption edges for these three 
compounds are shown in Fig. 11. Note that the midpoint of the 
edge (~ 11.3 ev) is virtually the same for all three compounds 
but that the peak position is shifted to higher energy for 
Ge[Co2]04 and Fe+®[Co+2Fe*®]04, than for CoO. Figure 12 com- 

•In the spinel formulas the ions occupyii^ octahedral sites are enclosed in brackets 
while those occupying tetrahedral sites are in front of the brackets. 




X-RAY ABSORPnCW EDGE STUDIES 


273 



pares the edges in Co[Al2]04, Co [0x2)04, and Co[Mn2]04 in 
which the Co*^ ions occupy tetrahedral sites. Note that the 
midpoints of the edges for these compounds also occur at the 
same energy but that this energy (~10.1 ev) is significantly 
below that for octahedral coordination. Furthermore, the posi¬ 
tions of maximum absorption for tetrahedral coordination occur 
at higher energies than for octahedral coordination. The curve 
for CoO is reproduced in Fig. 12 to illustrate this difference. 
If the difference in energy between the midpoint of the edge 
and the absorption maximum is taken as a measure of the 
"width" of the edge, then this width is significantly greater 
for the compounds containing cobalt in tetrahedral sites than 
for those containing cobalt in octahedral sites. Measured 
values of the width are given in the following table: 



(CoO 

5.3 ev 

Octahedral coordination 

<Fe*®[Co*2Fe*®]04 

6.8 ev 


fGe[C02]04 

7.1 ev 


( Co[Al2)04 

8.9 ev 

Tetrahedral coordination 

J Co (0X2)04 

9.0 ev 


/ Co[Mn2)04 

9.7 ev 
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The widtihs for the S-phase in C0/AI2O3 (taken as the 0.85^ 
sample in Fig. 1) and in Co/Si02-Al203 (Fig. 4) are 7.0 ev and 
5.9 ev, respectively. Both values are in the range corre¬ 
sponding to octahedral coordination. 

CONCLUSIONS 

Results of this work are consistent with the previously 
proposed two-phase model of supported cobalt catalysts [3]. 
The fraction of cobalt present in the S-phase in the calcined 
catalysts is a function of the support in the order: Co/Si02-Al20$ 
> Co/AI2O3 > Co/Si02. This observation leads to the suggestion 
that the adsorption sites which initiate formation of the 8 -phase 
are acid sites. The relative reducibilities of the 8- and jS-phases 
in Co/AI2O3 indicate an intimate association of the 8 -phase 
cobalt with the structure of the support, while the/3-phase, 
consisting of particles of C03O4, does not interact with the 
support. The competing ion effect shows that the adsorption 
sites are the same for Ni*^ as for Co*^ and that the presence 
of the nickel ions in the impregnating solution forces an ab¬ 
normally large proportion of cobalt into the j8-phase by tying 
up a portion of the sites. The measurements on spinel-t5?pe 
compounds lead to the assignment of octahedral coordination 
to the Co ** ions in the 8-phase, in agreement with the mag¬ 
netic susceptibility measurements. 
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ABSTRACT 

A comparison study of the adaptability of several commer¬ 
cially available diffractometers for X-ray absorption fine- 
structure studies was carried out. The following experimental 
arrangements were tested: 

1. Continuous scanning with a proportional counter record¬ 
ing total counts accumulated at predetermined intervals. 

2. Point-by-point scanning (manual and automatic) using a 
scintillation counter, a proportional counter, and a geiger 
counter. 

Several kinds of slit geometries, X-ray tubes, and sample 
thicknesses have been tested. All measurements were carried 
out using copper foils having minimum preferred orientation 
and silicon single-crystal analyzers. The results were com¬ 
pared to those obtained using a two-crystal instrument em¬ 
ploying two parallel silicon crystals and a scintillation counter 
followed by a pulse-height analyzer. It is concluded that com¬ 
parative measurement can be carried out with commercial 
instruments but that quantitatively accurate absolute determina¬ 
tions of the edge structure require more highly stabilized X-ray 
generators than those presently manufactured. 

INTRODUCTION 

The present investigation was undertaken to determine 
whether commercially available X-ray diffraction equipment 
can be utilized successfully in X-ray absorption spectroscopy 
and what the best arrangement for such studies should be. Al- 

This research was siq>ported in part by the National Science Foundation. 
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though a number of commercial and custom-built instruments 
have been described in the literature [1-3], virtually no com¬ 
parisons of their relative efficiency have been reported. The 
present comparisons were made in two ways: (1) Single-crystal 
spectrometers using different kinds of slit systems, detectors, 
and scanning procedures were examined; and (2) the results of 
single-crystal measurements were compared to double-crystal 
spectrometer measurements. In addition, the effect of using 
different crystals in a double-crystal spectrometer and the 
role of foil thickness also were examined. Because the absorp¬ 
tion-edge structure of copper has been previously studied quite 
carefully [ 4 ^ 5 ], all reported measurements were made using 
copper foils. (Similar results were obtained in a parallel in¬ 
vestigation of nickel foils.) 

SINGLE-CRYSTAL SPECTROMETERS 

The X-ray diffraction instruments of three manufacturers 
were examined. Their selection was determined primarily by 
their availability in our laboratory. 

The General Electric instrument (Fig. 1) was operated in 
two ways: (1) The analyzing crystal was driven continuously 
with a slow-speed motor and the counts accumulated in a pro¬ 
portional counter were printed out at predetermined time in¬ 
tervals; and (2) the angular interval thus determined was sub¬ 
sequently used in a manual point-by-point counting over the 
same angular range. No significant difference was observed in 
the results obtained by the two counting procedures. It was not 
possible, however, to slow down the continuous scanning suffi¬ 
ciently to accumulate enoughcountsforgood counting statistics. 

The Norelco instrument (Fig. 2) was equipped with geneva 
gears which advanced the angular setting of the analyzing crys¬ 
tal in equal steps of 0 . 01 ®, At each position, the time required 
to accumulate a predetermined total count in a geiger counter 
was printed out. The instrument was actuated by a special 
programmer built for this purpose, based on the desim of Van 
Nordstrand [6], 

The Hilger instrument (Fig. 3 ) was manually advanced in 
regular angular increments and the total counts accumulated 
in a scintillation counter during a fixed time were recorded. 
Because this instrument became available only recently, its full 
evaluation was not completed in time for inclusion in this re¬ 
port. Our interest in this instrument was primarily one of 




Fig. 1 

testing the advantage of using a very narrow focal spot (10) to 
define the angular width of the beam. 

The actual arrangements used and their respective resolving 
powers expressed as AX/A are summarized in the table. The 
pulses from the proportional and scintillation counters were 
recorded after passage through a pulse-height discriminator; 
those coming from the argon-filled geiger counter were counted 
directly. No significant difference attributable to instrument 
differences was detected in the results obtained with the three 
instruments used. In Fig, 4 , the results of the three basically 
different arrangements are compared to those obtained by Krog- 
stad [ 5 ], using a double-crystal spectrometer andbyHayasi [ 4 ] 
with a bent-crystal spectrometer (photographic). The latter two 
are representative of the best published curves for copper and 
are included for that reason. 

As can be seen in Fig. 4 , the single-crystal spectrometers 
show poorer resolution immediately at the edge than the two 
"reference" curves. The extended structure beginning about 
30 ev from the edge, however, is very nearly the same in all 
five curves; any visible differences are of the same order as 
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Fig. 2 




Fig. 3 
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Single-Crystal l^ectrometer Arrangements 



*For Ag Ka radiation. 

TRead at 0.002 or 0.02® Intervals. 

tFocal ^ot width of 10 /i used as djafiping sllu 

5 Resolution of double-crystal Instnunent used In this investigation was 7000. 


-50-40-30 -20 -10 


10 20 30 40 so 60 70 80 90 100 110 120 ISO 140 100 160 170 180 190 2002» 
ENERGY CiV) 


Fig. 4, ;jC-ray absorption-edge fine structure of copper foils approximately 7.6 jn 
thick. The single-crystal spectrometer curves were obtained witilu (1) Topaz (101), 
step-scanning at 0.01® intervals; (2) silicon (Ill), step-scanning at 0.01® intervals; 
(3) silicon (111), continuous scanning, counts recorded at 0.02® intervals. Curves (4) 
and (5) are the results of measurements by Krogstad [5] and Hayasi[4], respectively. 
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those between the two reference curves. Curve ( 3 ) shows the 
poorest resolution, but this is because of the much poorer 
counting statistics obtained in the time interval used. 

DOUBLE-CRYSTAL SPECTROMETER 

The double-crystal spectrometer used in this study (Fig. 5 ) 
was built by Van der Hyde to fit a standard Norelco diffractom¬ 
eter. Since the extended structure can be recorded quite accu¬ 
rately with a single-crystal instrument, the present investiga¬ 
tion was limited to studies of the structure in the immediate 
vicinity of the edge. Three pairs of crystals were used; Si-Si, 
Si-topaz, and topaz-topaz. The rocking-curve widths deter¬ 
mined with Ag Ka radiation were 8 sec for the silicon crystals 
and 28 sec for the topaz crystals. Because the interplanar 
spacing of silicon (dm = 3.138 A) is larger than that of topaz 
(d,oj = 1.356 A), the much sharper rocking curves of silicon are 
relatively diminished in effectiveness by the greater dispersion 
of topaz. Nevertheless, the resolution obtained with the Si-Si 


Fig. 5 




SINGLE-CRYSTAL X-RAY SPECTROMETERS 


281 


combination is superior, as can be seen in Fig. 6, in which our 
curves are compared to those of Krogstad and Hayasi. The 
curves in Fig, 6 show clearly that the resolution at the*edge 
is notably improved in our double-crystal Instrument overthat 
obtained with the single-crystal instruments (Fig. 4), but that 
it is not as good as that shown in the two reference cuirves. 

There are several possible reasons for this, including poorer 
instrumental stability, lower X-ray tube intensities from stand- 
sfd diffraction tubes, and fluctuations in tube intensities during 
the counting intervals. It is hoped to remove some of these dif¬ 
ficulties in the immediate future by the utilization of a more 
accurately stabilized constant-potential X-ray generator. 

EFFECT OF FOIL THICKNESS 

It is generally believed that the thinner the foils used in 
absorption spectroscopy, the better the results. This belief is 



Fig. 6. Fine structure near the absorption edge of copper foils 
approximately 7.6 /i thick. Curve (1) was obtained with two tcgaz 
crystals in the (1, +1) position; (2) with silicon-topaz; and (3) with 
silicon-silicon. Curves (4) and (5) are from measurements by 
Krogstad [5] and Hayasi [4], respectively. 
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Fig, 7, Effect of foil thickness on X-ray absorption spectrum. The 
curves were recorded on a single-crystal spectrometer using Si (111) 
as an analyzer. 
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based partly on the increased transmissivity of such foils and 
the resultant improvement in the counting statistics [7]. To this 
end, six copper foils ranging in thickness from 8.89 to 1 . 27 n 
were examined in the single-ciTrstal spectrometer using the 
best silicon ci^rstal as an analyzer. The results of these meas¬ 
urements are shown in Fig. 7 , in which ft rather than ^ -Ini/io 
is plotted so that the comparison is more meaningful. As can 
be seen in Fig. 7 , the gross structure of the absorption spec¬ 
trum does not seem to depend significantly on foil thickness. 
With a foil thickness of less than 3.81 /*, however, additional 
"fine structure" appears superimposed on this gross stimcture. 
Whether this structure is physically meaningful or whether it 
simply reflects experimentally erratic scatter due to the de¬ 
creased volume of the absorber is not clear at present. A 
similar increase in the structure visible at the edge has been 
observed in double-crystal measurements in going from 7,5 n 
to 2,5 n. A complete evaluation of these results, however, re¬ 
quires a consideration of the "window-effect" pointed out by 
Parratt [ 7 ], and will be described in a separate publication. 

DISCUSSION 

The foregoing analysis essentially confirms previously 
reached conclusions [1-3] regarding die relative suitability of 
single-crystal and double-crystal spectrometers. Until proven 
differently, it appears that the extended fine structure be ginning 
about 30 ev from the main edge varies so gradually that single- 
crystal Instruments are adequate for its study. Because such 
instruments are easily devised by suitably modifying commer¬ 
cial X-ray diffractometers, it is concluded that this is one area 
in which such instruments can be utilized. It also has been 
demonstrated that the quality of the analyzing crystal is an 
important factor in such analyses and that both narrow rocking 
curves and high dispersion (smaller) are necessary for optimum 
performance. Another Impoirtant factor not directly evident in 
this analysis is the need for hlgh-lntenslty and well-regulated 
X-ray generators. 

For purposes of stud3dng the fine structure in the imme¬ 
diate vicinity of the absorption edge, it is necessary to utilize 
the greater resolving power of a double-crystal spectrometer. 
Here, the rocking-curve widths of the crystals appear to be 
more significant flian the dispersion power of the crystals. As 
first pointed out by Parratt [ 7 ], the experimental measurements 
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must also be corrected for asymmetries in the shapes of the 
rocking curves before they can be properly interpreted. This can 
only be done using a double-crystal spectrometer. It follows 
from this that a double-crystal instrument should be used when¬ 
ever quantitatively accurate absorption-edge structures are 
sought. Two important criteria govemthe choice of instrument, 
namely, mechanical stability and X-ray generator stability, so 
that it is questionable whether commercially available instru¬ 
ments can be used for high quality investigations. 
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ABSTRACT 

The temperature dependence of the extended X-ray ab¬ 
sorption fine structure was investigated in the range from 
9 - 573 °K. It was found that the temperature dependence of the 
intensity of the fine structure features was quantitatively 
accounted for by applying the Debye-Waller factor. A change 
in position of the features with the expansion and contraction 
of the lattice was also observed. These experimental data 
suggest a simple diffraction (KrOnig theory) mechanism; 
however, the observed absorption minima do not agree with 
those predicted by the Krdnig equation. The single-crystal. 
X-ray spectrometer, X-ray cryostat, and experimental con¬ 
ditions are also discussed in some detail. 


INTRODUCTION 

A generally acceptable theory of X-ray absorption fine 
structure was first proposed by Krbnig [1]. In his derivation 
the photoelectron ejected in the X-ray absorption process 
moves through the cjrystal as a free electron. By assuming 
that the only influence on the electron is a small perturbation 
due to the periodic field of the lattice, it is found that certain 
energy regions occur which are forbidden to the electron; a 
forbidden energy region is that combination of momentum and 
direction for which the Bragg diffraction condition is fulfilled 
(Brillouin zone boundary). An allowed energy region will result 
if the electron can travel freely without diffraction. Since 
energy must be conserved in the X-ray absorption process, 
an X-ray will not be absorbed if the energy of the resulting 
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photoelectron corresponds to a forbidden energy region. There¬ 
fore, the forbidden zones are areas of minimum X-ray ab¬ 
sorption. 

Comparison of Krdnig’s theory with experiment results in 
partial agreement, but there are evidently other competing 
and/or simultaneous processes Involved. Efforts to modify 
Krdnlg's theory have been made and other energy loss mech¬ 
anisms such as collision ionization or excitation of plasma 
oscillations proposed. (For a discussion and original references 
see Parratt [ 2 ].) 

Hanawalt [ 3 ] first determined the general effect of tem¬ 
perature on the X-ray absorption fine structure. He showed 
that as the temperature Increases the extended fine-structure 
features move toward the absorption edge and decrease in 
amplitude, disappearing at the melting point. More recently 
Borovskil et al. [ 4 - 6 ] have investigated the effect of tempera¬ 
ture on the structure in and very close to the edge. Although 
Borovskli’s experiments were not directly applicable, in that 
the present investigations were concerned with the extended 
fine structure, the arguments of the authors concerning the 
temperature sensitivity of electron transitions to unfilled bands 
and the possibility of a collective plasma oscillation "image" 
of the absorption edge appearing in the fine structure were 
quite interesting. Parratt [2] has discussed the effect of tem¬ 
perature broadening on the widths of X-ray states and given 
some experimental data on the temperature effect at the 
chlorine absorption edge in KCl. In none of the above experi¬ 
ments was the effect at very low temperatures on the extended 
fine structure investigated. 

The purpose of the present investigation was to determine 
the effect of temperature in the range from liquid helium to 
room temperature on extended X-ray absorption fine structure. 
The KrOnlg theory is developed in order to Introduce a quanti¬ 
tative temperature dependence term, although complete ad¬ 
herence to the KrOnlg theory was not found. 


THEORY 

In the following discussion the Kriinlg assumption of a free 
photoelectron which is not influenced by the X-ray excited 
state is accepted. It is generally agreed that this must become 
very nearly tsrue as the electron energy becomes large, i.e., 
greater than 100 ev, and it is this region in which we are 
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interested. After a simple diffraction argument which derives 
me Krdiiig relationship, the temperature correction (Debye- 
waller) factor commonly used to predict me variation in 
diffracted intensity wim temperature is introduced. 

Consider a photoelectrbn of wavelength 

" (2niye)^ 

where A is Planck's constant; m is the electron mass; Vis the 
accelerating potential; and e is the electron charge. 

Furthermore, if E equals me electron energy in electron 
volts, men 



This electron travels as a plane wave through a cubic crystal 
in which me relationship between me unit cell distance a and 
me Interplanar spacing d is 

a» =. (f* (A* + + 1®) (8) 

where h, k , and 1 are the Miller crystal.indices. Now we im¬ 
pose tine Bragg diffraction condition 

nA=2<fsin@ (4) 

where n is me order of diffraction and 0 is me angle between 
the electron direction and me crystal plane. Solving (2), (3), 
and ( 4 ) for E, we obtain me energy of a forbidden zone (ab¬ 
sorption minima): 


8ma* sin* 0 

In equation ( 5 ) 0 applies to only one electron direction. This 
condition cannot be realized in an X-ray absorption experiment. 
With the nonpolarized X rays and polycrystalline samples 
usually used, the distribution of electrons will be approximately 
spherical. When integrated over all directions, as Krdnig [1] 
did, me following equation results (me factor n* is included 
in the Miller crystal indices): 


(6) 
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In our simplified derivation this amounts to neglecting all 
planes except those perpendicular to the electron direction 
where sin* 0 = 1. A more simple form follows if K = 1 /d: 


8 m 


( 7 ) 


The effect of atomic thermal vibrations on diffracted in¬ 
tensities [ 7 ] is to introduce thefactorexp (- 2 il/)into the iatensity 
expression where 




12A* f $(10 1| ^ineV 

1 at 


( 8 ) 


in which is the atomic mass; k is Boltzmann's constant; 
©dIs the characteristic (Debye) temperature; Tls the absolute 
temperature; IT is equal to 0 ^/ 7 ; «(Jr)isthe Debye function; and 
other quantities are as previously defined. In the application 
to KrOnig structure it is not possible to determine the sin 0/X 
part of equation (8) directly from tihe experimental arrange¬ 
ment as in X-ray diffraction. However, from (4) we see that 


sin @ K 
X '1 

Thus, the Debye-Waller factor becomes 

36 


2M = 


(®(Af) 1} 


( 9 ) 


( 10 ) 


To apply this equation, £, the energy of an absorption minimum, 
is determined ejqjerimentally and K evaluated from equation 
( 7 ). Then and ij, the intensities of an absorption TniniTniiTr. at 
temperatures Ti and Tj, can be examined for adherence to the 
theory. If 


then 


4 = and 


In 2^2 "" 

h 

EXPERIMENTAL 


ai) 

( 12 ) 


The absorption data were obtained with a conventional 
horizontal diffractometer used as a single-crystal spectrome- 
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ter. The single crystal was placed in the sample holder and 
small slits used to obtain a satisfactory resolving power. The 
absorber was held perpendicular to the X-ray beam within a 
cryostat placed between the entrance slit and the diffracting 
crystal. The operating conditions were: Molybdenum target 
tube at 25 kv and 30 ma, 0.05-mm entrance and exit slits, 2® 
vertical divergence Seller slits, 37-cm diameter focusing 
circle, Nal scintillation counter, single-channel pulse-height 
analyzer, and automatic strip chart recording at 1/16® 20/min. 

With this arrangement the resolving power V/U was ap¬ 
proximately 1500 and sufficient for the experiment under 
consideration. The X-ray intensity varied from 10,000 cpm 



Fig. 1. X-ray cryostai. 
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P®"" Of fJighest absorption to 

^0,000 cpm on the long-wavelength side of the absorption 
edge. The copper and nickel absorbers were prepared from 
at least 99.9?t pure material by rolling and electropolishing 
to the desired thickness (about 12 m) and then annealing to 
remove any work hardening. 

Tj- ^sorbers were mounted in the cryostat shown in 
f 1 ^ 1. The cryostat was constructed of 2-mm pyrex tubing 

of ^/* diameter and 14 in. 

hei^ght. The hqmd coolant was contained in the central chamber, 
which terminated in a glass-to-kovar metal seal silver sol- 
Jred to a cylindrical copper block with a hole through it for 
the X-ray beam. The absorber was clamped tightly to the 
copper block for good thermal contact. The central chamber 

successively by a vacuum chamber, a secondary 
coding well (note the hole along the X-ray path through tMs 
portion), a^ again the vacuum chamber. The aluminized mylar 
wn^ws (0.001 in.) on the outside were cemented to the glass 

Glyptal cement: The 
^ 1 , glsss joint in the top allowed removal of the central 
chan^r and sample holder. With reasonable vacuum (10"^ mm) 

Mn helium for about one hour. With 

liquid heliuna in the central chamber the conduction through 

sample was sufficient to maintain a 
^le temperature of 9«K. With liquid nitrogen the tempera- 

flurn«7rtfA • ^ “i? to 300“C were obtained by 

mUng the inner chamber with silicone oil and regulating with 
a thermocouple-controlled immersion heater. The high and low 
temperatures were measured by thermocouples and a vapor 
pressure thermometer, respectively. " 


RESULTS 

amplitude and extent of the extended X-ray 
2le A strucmre at low temperatures was remark- 

^ ^ recorder trace is illustrated in Fig. 2. Note 

curves illustrated in this paper are not 
plotted in the conventional manner. The curves are a plot of 

SnS wavelength where the X-ray wave- 

Thl^nteLt^^ converted to electron energy in electron volts, 
^e intensity scale (ordinate) is linear and completelv ar- 
bitrary mth ihe zero of X-ray intensity far off the SttL of 
graph. It is evident from the asymmetry and detail within 
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Fig. 2. X-ray absorption 
fine structure in copper 
at 78‘IC. 


Pig. 3. X-ray absorption 
fine structure in copper 
and nickel at 9%. 



15o 535 435 533 eSo tSo 555 ^ 

MIOY, EieaRON VOLTS 


i3o 



Fig. 4. Temperature de¬ 
pendence of the X-ray ab¬ 
sorption fine structure In 
copper. 
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each peak that the structure is quite complicated, a convolution 
of many peaks. Because of this there is uncertainty in de¬ 
termining the energy position of each feature since the peak 
position and centroid do not always coincide. The energy values 
which are tabulated apply to the peak position (absorption 
maxima or minima) of the fine structure. Several tungsten 
lines recorded along with the fine structure were used,for 
calibration. The background was obtained by removing the 
sample and adjusting to comparable X-ray intensity with 
aluminum absorbers. Any features present in the continuum 
could then be subtracted from the fine structure. 

The fine structure for copper and nickel at 9"K after sub¬ 
tracting the background is shown in Fig. 3. Previous measure¬ 
ments at room temperature demonstrated the structure to 
about 400 ev. At 9»K the structure is much sharper and ex¬ 
tends to at least 900 ev. The very similar features for copper 
and nickel are expected from the KrOnig theory. Both metals 
are face centered cubic with nickel. «„=3.5238 A, slightly 
smaller then copper, ^ 0 = 3.6150 A, and this causes the more 
expanded nickel pattern. 

In Fig. 4 the change in absorption fine structure with tem¬ 
perature is illustrated. An identical effect occurred with 
nickel. The structure at 9®K has much greater amplitude and 
extent. There is also a small shift of each feature due to the 
^ermal expansion of the lattice. This shift (which was observed 
by Hanawalt p]) moves each peak toward the edge with in¬ 
creasing temperature. For copper and nickel with coefficients 
of expansion of about 10“® deg"^ in the temperature range of 
interest, this energy shift is quite small; AE/£= 10"® ev-ev"^- 
• Por ^ample, a peak at 100 ev should shift 0.5 ev toward 
the ^absorption edge as the temperature changed from 9 to 
SJO'K. This small change would be hidden by the inaccuracy 
of measurement (±1 ev). A peak at 500 ev which should move 
about 2.8 ev tends to become so broad and indistinct as to 
make accurate determination of peak position difficult. How¬ 
ever, a change of the right order of magnitude was observed 
for both copper and nickel. 

The integrated intensity of each absorption minimum was 
^termmed by planimetering the recorder traces. The relative 
intensities (normalized to make the maximum amplitude unity) 
at various temperatures were then plotted againstpeak energy. 

points were obtained at 9“K and 

K. The Miller crystal Indices scale indicates that high 
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Fig. 5. Temperature de¬ 
pendence of the intensity 
of X-ray absorption fine 
structure. 


numbered planes participate in the diffraction. The solid lines 
'.onnect the calculated Debye-Waller factors, which include 
he appropriate temperature and energy position from equa- 
tons (7) and (10). The agreement is veiy good at high electron 
eiergies with a break in the experimental curves at about 
15) ev. Evidently this is the region at which the diffraction 
meihanism becomes less important and indeed is approxi¬ 
mately what would be expected considering the basic assump- 
tionof a free electron. 

agreement with the Debye-Waller theory was also checked 
by arother method which has been used by James and Brindley 
[8]. E equation (12) is written in the form of (10) and re- 
arranjed, then 


±l„iL = 

”fa ~m,k®o ) ~ X, j 


(13) 


A plot 5 f either side of equation (13) should be linear in tem¬ 
perature, where the left-hand side is determined experi- 
mentall 3 and the right-hand side calculated theoretically. The 
effect o! the 4/K® factor makes the intensity of the peak in- 
dependeit of its energy position. In Fig. 6, Tj is 298®K and 
varies from 9 to STS^K. Each point on the graph is an average 
for a number of peaks in the 200-400 ev range. The solid line 
is a plot of the right-hand side of equation (13). The deviation 
about the line is rather large and probably represents the dif¬ 
ficulty of making quantitative intensity measurements on com- 
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pllcfited structure rather than any meaningful deviation from 
tbeo ry. Figures 6 and 6 apply to the temperature dependenc e 
of tlae fine structure as observed In both copper and nickel. 

The energies of absorption maxima and minima for copip;er 
andi nickel as measured at 78*K are presented In the table. 7rhe 
first point of inflection of the K edge was used as the sricro 
en.ergy (Cu K edge=8980,7 ev; N1 edge=8881.4 ev) [9], The 
accuracy of the energy position for the features within 200 ev 
of the edge was ±1,6 ev. However, the increasingly broa.d and 
poorly defined peaks at higher energies caused an uncertainty 
of ± 6 ev at 900 ev. ^ 


DISCUSSION 

The purpose of this Investigation was to determine the 
temperature dependence of the extended X-ray absorption fine 

results Indicate that the usual Debye- 
Waller factor may be applied. However, comparison of the 
experimentally determined absorption minima (tabl*j) with the 
mergles predicted by the KrOnlg equation result lui no satis¬ 
factory agreement. The KrtJnlg theory predicts much more 
structure than Is actually observed, although most of the other 
feamres of the absorption fine structure are accounted for. 
Either the fteory has been oversimplified or some other mech- 
anlsm should be postulated. 

The change In absorption energy due to the thermal ex- 
panslon and contraction of the lattice was observ'ed and, al¬ 
though difficult to measure exactly, was of the correct order 
Of magnitude. The dependence of the Intensity of the flna 
structure on temperature was particularly striking. For elec- 
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Energies of Absorption Maxima and Minima in Copper 

and Nickel 



Copper 


Nickel 

Maxima, 

ev Minima, ev 

Maxima, 

ev Min^ima, ev 

21 

9 

27 

10 

45 

80 

49 

37 

89 

60 

98 

72 

163 

117 

167 

129 

199 

180 

216 

193 

233 

213 

251 

231 

312 

263 

382 

289 

349 

343 

376 

366 

418 

369 

486 

464 

467 

460 

491 

468 

493 

488 

607 

601 

526 

503 

656 

532 

591 

562 

62i8 

693 

642 

686 

688 

646 

751 

711 

827 

787 


863 


901 


Tto tamiMrtiura of Rwaauramant w«i 78*K? for cMHMrlaon to maaaurt- 
mtnti at other temperature a, Hb/B ev-ev-^-ewir^ 


iron energies large enough so that the free electron approxi¬ 
mation was appropriate, the ag7reement with !&e Debye-Waller 
factor was good. This evidence demonetit'ate'S a scattering 
mechanism for the extended X-ray absorption fi ne structure. 
The experimental data (Fig. S) also indicate the region (electron 
energy less than 150 ev) where this mechanism may become 
complicated by other phenomena. The structure in this region 
has been compared to characteristic electron energy loss 
spectra with some degree of success [10,11], 

It was originally proposed dKRt the intensities of the ab¬ 
sorption fine structure in tUferent elements should vairy 
approximately as the melting points Il2]. This association was 
fortuitous and has been shown to be generally invalid [13,14]. 
In light of the experimental data presented herein, it would 
appear that for measurements made at room temperature, all 
other factors being equal, the intensity Of the fine structure of 
different materials should be proportional to the Characteristic 
temperature (€1^) of the materials involved. This suggests the 
possibility of obtaining more clearly defined patterns by al- 
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l^ying^ or otherwise combining the element of interest with a 
nnterial of high characteristic temperature. 

An important consideration to the experimenter is the com- 
par«ive ease with which the absorption fine structure may be 
recoided using commo^y available equipment. By incorporat¬ 
ing a ciyostat and making measurements at low temperatures 
a considerable range of the fine structure may be studied. 
tor most purposes a cryostat for use with liquid nitrogen is 

d.Q0(^Tldit 6^ 


Although X-ray absorption spectroscopy will always be 
complicated by the preparation of uniformly thin absorbers 
the possitihty of making rapid, extensive fine-structure 
measuremeats suggests development as an analytical tool. The 
sensitivity of the structure to parameters such as particle 
size, degree of crystallinity, chemical combination, andorder- 
sorder transtormations has not been extensively investigated 
and may prove interesting and fruitful. 
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APPLICATIONS OF X-RAY ABSORPTION 
EDGE ANALYSIS 
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ABSTRACT 

The X-ray absorption edge technique using secondary 
targets as radiation sources was applied to the determination 
of some elements, including rhodium, uranium, yttrium, tan¬ 
talum, cobalt, and cerium, that have absorption edges in the 
wavelength region from 0.53 to 2.2 A. Polystyrene absorption 
cells having path lengths between 0.12 and 3.0 cm were found 
to be satisfactory. For the longer wavelength radiation, the 
cells of shorter path length were used, and the sensitivity and 
precision were increased by using a low-density low-mo¬ 
lecular weight diluent such as isopropyl alcohol. At optimum 
concentrations, relative standard deviations in the range of 
0.2 to 0.7^ were obtained. This secondaiy target technique 
requires only standard X-ray fluorescence equipment with 
simple and inexpensive modifications that can be attached or 
removed in a few minutes. 

INTRODUCTION 

The need for rapid methods of determining various ele¬ 
ments in unirradiated reactor fuels and cladding materials 
led to the investigation of X-ray spectrographic methods for 
this purpose. X-ray fluorescence methods for the determina¬ 
tion of many elements are available, but their application to 
these materials of widely varying composition would require 
a series of calibration curves for each element determined. 
Therefore, the X-ray absorption edge technique, being less 
affected by matrix composition, was investigated for possible 

Work performed under the auspices of the U.S. Atomic Energy Commission. 
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applications to ttds problem. In X-ray absorption edge analysis 
e transmitted intensities for two X-ray energies, one located 
on each side of a suitable absorption edge of the element being 
aetermined, are related to the concentration of that element 
using accepted absorption principles. The continuous radiation 
from the X-ray tube has been used by various workers [1,3, 
4,10-12] in conjunction with a crystal spectrometer and pulse- 
height analyzer to obtain the desired X-ray energies. In a few 
cases, such as the determination of lead with a thorium target 
X-ray tube, the primary X-ray Unes from the tube target may 
, employed [9]. Engstrom [6] utilized secondary radiation 
from selected pure elements in the analysis of biological 
specimens. Because this technique requires a minimum of 
instrument modifications and provides high line intensities 
with a minimum of second order interference, its application 
was investigated further. 


THEORY 

X rays are attenuated by matter according to the equation 


/ - U CL 


( 1 ) 


V ^ intensity; Ms the transmitted intensity; 

Wp) is the mass absorption coefficient of the material; C is the 

^ ^ length of the Cell 

for In absorption coefficients 

for all elements in the material must be .considered. If is 

measured for the empty cell, the maximum cell path length 
intensity through the solvent sufficiently large 
5rn£ reasonable counting statistics can be calculated 

coefficients for the solvent. Count 
rates greater than 1000 cps are preferred, 

Mass abMrption coefficients for any element can be re¬ 
lated to wavelength by the equation 


WPt ■■ 


®quatlon * is a constant for the element over a wave- 

®^«® different 

fnr f X is the wavelength (in A); and n is a constant 

somtion ® wavelength region. At the ab¬ 

sorption edge the mass absorption coefficient changes ab- 
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ruptly, the magprutude of this change being dependent on the 
absorption edge used and the wavelength, as shown in Fig. 1. 
The Ljjj edge is more sensitive than the Lj, or Xedges 
for most elements but is not applicable in solution analysis to 
wavelengths longer than approximately 2 A. Therefore, for 
elements of lower atomic number than approximately 57 
(lanthanum) the K or Ljj edge must be used. The increase in 
mass absorption coefficient at the absorption edge increases 
with the wavelength of the edge. However, because the mass 
absorption coefficient for solvent and cell materials also in¬ 
creases with wavelength, the cell path length must be de¬ 
creased correspondingly to prevent complete attenuation of 
the X-ray beam by the solvent. 

When intensity measurements are made on each side of the 
absorption edge through a reference solution and through the 
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Fig. 2. Optical arrangement for X-ray absorption edge analysis 
using secondary targets. 


sample, the concentration can be determined using the equation 

c^ki log - ^2 log Ii/h (3) 

This equation has been derived by Dodd [4], Engstrom [5], and 
Peed and Dunn [10]. In this equation c is the concentration 
(in mg/ml); > and are intensities transmitted through 

the solvent and sample at the respective wavelengths; and and 
ki are values determined empirically using solutions of known 
concentration. Two solutions are prepared: the first contains 
the solvent and a known concentration of impurity element, 
^d the second contains the solvent, impurity element, and a 
known concentration of the element being determined. Be¬ 
cause C for the first solution is zero, a value for k^/kj can be 
calculated. This value is then used to determine values for 
*1 and ^2 for the second solution. 


apparatus 

to a%hli^« PI t®chnique, only slight modifications 

Electromcs Instruments X-ray spectrograph with 

iit'^lUm^^ analyzing crystal were necessary (Fig. 2). The 
^^it colUinator was replaced by a lead block having a hole 

limator^^ido^^T coincide with the normal col- 

in w was mounted 

llimator. This holder can be replaced readily by a similar 

'“8** "0 greater 

thee 3 cm. About 10 miu la required tor cSuyersIoS of the 



301 


APPUCATIONS OF X-RAY ABSORPTION EDGE ANALYSIS 

spectrograph from X-ray fluorescence to absorption edge 
malysis. 

Cells are constructed of polystyrene (Fig. 3) with windows 
/ii in. thick; thinner windows are required for long wave- 
l©n|th radiation. The path length of the cell for any particular 
analjsis is selected from a consideration of the increase in 
mass absorption coefficient at the absorption edge of the 
element being determined, and the mass absorption coefficient 
of the Solvent. 

The ".hoice of counter to be used depends on the wavelength 
region bting studied. For wavelengths shorter than approxi¬ 
mately 1 A., high intensities are transmitted through most 
samples, a^d a scintillation detector is preferred because a 
counting efEciency of almost 100^ is obtained at low operating 
voltages. Hovever, for waveleng^s greater than approxi¬ 
mately 1. 2 A, the voltage applied to the scintillation detector 
must be increased to such a degree that the noise level of the 
counter reduces anal 3 rtical precision. Therefore, a propor¬ 
tional counter, vhich has a much lower noise level at longer 
wavelengths, is pi?ferred. 


APPLICATIONS 

The absorption elge technique has been applied in the Los 
Alamos Scientific Labiratory to the determination of several 
elements, including Aodium, yttrium, uranium, tantalum, 
cobalt, and cerium, thav have absorption edges in the wave¬ 
length region from 0.534 2.16 A.Of these elements, rhodium 

and yttrium are two of he metals added to uranium or plu¬ 
tonium in the preparation *>£ alloys known as ’’fissium" which 
have compositions approxinating the compositions of actual 
fuels following a definite pe^entage bumup. These »»fissium« 
alloys are used in the investig.tion of various fuel purification 
schemes. Uranium is a prine reactor fuel material which 
must be determined in the pr^ence of fission product ele¬ 
ments or various elements added in fuel preparation. Alloys 
of tantalum with various metals, including yttrium, tungsten, 
zirconium, molybdenum, and laftium, are being considered 
as container or cladding materials in the Los Alamos Molten 
Plutonium Reactor Experiment (L/MPRE) program. Cobalt 
and cerium are considered as pssible diluents for plutonium 
reactor fuels in the LAMPRE pr)gram. In many cases starting 
materials and final products mist be analyzed. From these 
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TABLE I 

ApplteatiQua of X-Ray Absorption Edge Analysis 


Element 

Deter¬ 

mine^ 

Abswpttpn 
Edge Used 

Secondary 

Target 

X-ray 

Lines (A) 

CeU Path 
Length (cm) 

Solvent Used 

Rb 

K 0.533 

Cd- 

Ka 

0.535 

1.0 or 3.0 

HCl 



In 

Ka 

0.512 



u 

Lm 0.782 

Nb- 

Ka 

0.746 

1.0 or 3.0 

HNOj 



Mo 

Ka 

0.709 



y 

K 0.728 

Nb- 

Ka 

0.746 

1.0 or 3.0 

HNO, 



Mo 

Ka 

0.709 



Ta 

llll 1.255 

Hg- 

Lai 

1.241 

0.25 

25%HF 



Au 

La, 

1.276 



Co 

K 1.608 

Ni- 

La 

1.658 

0.16 

Dilute HNO 3 - 



Cu 

Ka 

1.541 

0.34 

70<7oi-C3H70H 

Ce 

Ljii 2.164 

Cr- 

Ka 

2.290 

0.12 

Dilute HNO3 - 



Mn 

Ka 

2.102 


VO^I-CsHyOH 
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considerations I it can be seen that the analytical procedures 
must be applicable to materials having wide concentration 
ranges of numerous impurity elements. Detailed procedures 
for determining uranium [7] and cobalt [8] in these reactor 
materials by the absorption edge technique have been de¬ 
scribed previously. 

Table I summarizes absorption edges, secondary targets, 
cell path lengths, and solvent systems used in these analyses. 
Note that as the wavelength of the absorption edge increases, 
not only must the path length of the cell be decreased but 
solvents of lower density and lower mass absorption coeffi¬ 
cients must be found. In the X-ray absorption edge determina¬ 
tion of cerium, fewer than 600 cps are transmitted through 
low density solutions of 70^i Isopropyl alcohol in a cell having 
a path length of only 0,12 cm. In this case, care must be taken 
in applying corrections for second order intensities and elec¬ 
tronic noise of the counting circuit. 

The precision of the absorption edge method compares 
favorably with precision obtainable by X-ray fluorescence 
methods. Relative standard deviations obtained by the absorp¬ 
tion edge procedure for several elements are listed in Table II. 

INTERFERENCES IN ABSORPTION 
EDGE ANALYSIS 

The most serious interference in absorption edge analysis 
is that caused by elements having absorption edges between 
the X-ray lines selected for analysis. Because each element 
has only a single K absorption edge and three L edges, the 
number of elements Interfering with a particular analysis will 
usually be small. The M series edges need be considered as a 
possible source of interference only for elements having atomic 
numbers greater than 92 (uranium). Elements Interfering with 
the analyses previously described are listed in Table III. 

A second source of error in absorption edge analysis is 
the matrix effect. Values for fcj and in equation (3) are theo¬ 
retically related to wavelength by equations (4) and (5). 

2,303\? 

2.303X^ 

*“L[X3(fi/p)Xi-X?(/i/p)Xj] 


(5) 
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TABLE II 

Precision Obtained for Several Elements Using the 
Absorption Edge Technique 


Element 

Determined 

Cell Path 
Length (cm) 

Cone. 

(mg/ml) 

Counts 

Taken 

Std. Dev. 
(mgAnl) 

ReL Std. 
Dev. (%) 

Rh 

1.0 

1.00 

10 ® 

0.04^ 

4.4 


If 

4.10 

Iff 

0.074 

1.8 

U 

3.0 

1.00 

2 X 10® 

0 .01, 

1.9 


1.0 

10.00 

10 ® 

0.06, 

0.65 


fi 

40.00 

ft 

0.13, 

0.34 

Y 

1.0 

1 . 00 

10 ® 

0.028 

2.8 


It 

10.00 

n 

0.033 

0.33 


•I 

30.00 

Iff 

0.051 

0.17 

Ta 

0.25 

0 

128.000 

0 .10, 



N 

5.00 

It 

O.OOt 

1.9 


If 

10.00 

It 

0.09, 

0.99 


11 

20,00 

It 

0.09, 

0.48 

Co 

0.34 

0 

256.000 

0 .01, 



It 

2.00 

» 

0.03, 

1.9 


It 

10.00 

n 

0.04, 

0.46 

Ce 

0.12 

0 

128,000 

0.07i 

_ 


•I 

1.00 

It 

0.04i 

4.1 


It 

5,00 

It 

0.06, 

1.3 


It 

10.00 

II 

0.06, 

0.68 

TABLE III 


Absorption Edge Interference for Determination 
of Rh, U, Y, Ta, Co, and Ce 


Elements 

Determined 

Interfering Elements and Edges 

Rh 

Pu, Lj; Am. Lj; Cm. Ljj 

U 

Y, K, Po, Lj; As, Ljj; Rn, Ljjj Pa, Ljjj 

Y 

Po. Li; As, Liu Rn. Lm Pa. Lm; U. Lm 

Ta 

Et.Lu Yb.Ln 

Co 

Sm. Lu Eu. Ln; Gd. Ln; Tb. Lm; Dy. Lm 

Ce 

V, K, Cs, Li; Xe, Li; Ba, Lu; La, Ln, Lm! U, Mt; 
Pu, Am, 
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Because values for n inequations (4) and (5) vary from approxi¬ 
mately 2.3 to 3.0 for different elements, values forJtiandlbj 
vrill also vary, and must be determined in the presence of the 
impurity elements expected in the samples. Theftiand Jbj values 
are relatively insensitive to changes in concentration of the 
impurity element and are applicable over a wide concentration 
range. 

Dividing equation (4) by equation (5), we obtain 

= (XjAi)" (6) 

From experimentally determined values fox values 

for n can be estimated. It can be seen from equation (6) that as 
Xi approaches Xj, ki/k^ approaches unity and varies less with 
changes in n. For minimum matrix error, and also to reduce 
the number of elements having interfering absorption edges, it 
is advantageous to select Xx and Xj as close together as pos¬ 
sible. The limiting factors in selecting these wavelengths are 
the resolving power of the spectrometer and the availability 
of suitable target mateidals. 

In the absorption edge determination of tantalum, the Lax 
lines for mercury and gold were used. Because of the proximity 
of these lines, a change in the value of n from 2.3 to 3.0 should 
theoretically increase Jtx /*2 from 1.067 to 1.086, a difference of 
1.8^. Experimentally, values ranging from 1.067 to 1.090 with 
an estimated error of 0.010 were obtained, indicating only a 
small matrix error and therefore little need for adding im¬ 
purity elements to standard solutions. For example, between 
0 and 20 mg/ml of tungsten had no effect on the determination 
of 0 or 10.00 mg/ml of tantalum. In contrast, the Kg. Unes for 
chromium and manganese, used in determining cerium at the 
Lnx edge, are located at 2.290 and 2.102 A, and varying n from 
2.3 to 3.0 will changeXxAjl^y 6*1.218 to 1.294). Values 
for lx /*2 between 1.238 and 1.300 were determined experi¬ 
mentally, indicating diat a significant matrix error exists and 
that the major elements expected in the sample must be added 
to the standards. 

Another source of interference in absorption edge analysis 
is the absorption edge maximum a few electron volts in width 
and having a much higher mass absorption coefficient than 
would be normally expected. This peak or maximum must be 
considered if it approaches or overlaps the lines used in an 
analysis. For example, in the determination of lanthanum and 
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cerium using the Ka lines for chromium and manganese, ap¬ 
proximately the same sensitivity should be obtained for each 
element. Actually, lant ha num absorbs the Ka line of manganese 
twice as strongly as does cerium because the Ln absorption 
edge for lanthanum at 2.103 A overlaps the Ka line of man¬ 
ganese at 2.102 A. In the determination of tantalum using the 
Lai lines of gold and mercury, abnormally hi^ values for 
*i /*2 (1.13 compared to a theoretical 1.08) were caused by 
overlap of the Lai line of gold at 1.276 A with the absorption 
edge maximum of zinc at 1.283 A. 


CONCLUSIONS 

This investigation of X-ray absorption edge analysis in¬ 
dicates that the procedure is applicable to determining any 
element having a suitable absorption edge in the wavelength 
region from 0,6 to 2,25 A. Elements of atomic number 23 
(vanadium) to 46 (palladium) and 68 (cerium) to 94 ^)lutonlum) 
J^y determined using the K and Ln edges, respectively. 
The absorption edge technique Is generally less susceptible to 
Interference effects than Is X-ray fluorescence spectroscopy 
and Is much less affected by wide variations in matrix com¬ 
position. The magnitude of the matrix error is related to the 
wavelengths at which measurements are made and may be 
ellininated by adding major impurity elements to standards 
used In analysis. The absorption edge technique Is especially 
suited to the determination of elements such as hafnium, 
tantalum, and tungsten, for which second order K series radia¬ 
tion of zirconium, niobium, or molybdenum, normally present 
as contaminants, cause serious interference in X-ray fluo¬ 
rescence analysis. 
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INTRODUCTION 

When considering such things as electronic behavior or 
structure-dependent phenomena in solids (including glass),one 
is faced with the problem of finding ways to make measure¬ 
ments which yield information about events and mechanisms 
on a microscopic or atomic scale. In other words, although 
a great deal can be learned from the many macroscopic meas¬ 
urements available, there comes a time when the results must 
be relatable to behavior and mechanisms involving the individ¬ 
ual entities making up the solid. 

As an illustration of the point, consider the many diffrac¬ 
tion techniques which have been used to investigate the struc¬ 
ture of solids, lihus, we have X-ray diffraction, electron 
diffraction, neutron diffraction, etc. However, all of these 
methods suffer from the same limitations: (1) They are essen¬ 
tially cooperative phenomena in the sense that they become 
more and more difficult to interpret as the number of partici¬ 
pating particles is reduced, i.e., as the size of the region in 
which the phenomena take place becomes smaller. Thus, in the 
case of X-ray diffraction, as we reduce the particle size of a 
crystalline sample, its diffractionpattembecomes less and less 
"crystalline" and more ambiguously like an "amorphous" or 
liquid dipaction pattern. (2) It should also not be forgotten 
that the interpretation of diffraction measurements has been 
greatly ^ dependent for its success on the rather restrictive 
stipulation of crystalline order and symmetry which has made 
much of the mathematics of the theories involved tractable. 
On an anthropKjmorphic basis, this'might be one more example 
of the limitations of "togetherness" and the need for a certain 
amount of atomic ind^endence. 

mils was pubUshed In part to Tlje Physical Review 127, 2025 (1962). 
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Frequency (Energy) —►- 
—Wavelength 

Fig. 1. X-ray absorption coefficient vs. frequency (energy). 


With the advent of such tools as nuclear magnetic reso¬ 
nance and electron spin resonance (paramagnetic resonance), 
techniques have become available in which the phenomena in¬ 
volve only highly localized regions (few entities), such as 
specific nuclei, specific atoms, or at most specific atomic 
groups. In effect, one has available a sensitive probe, capable 
of investigating very linciited regions in the solid. 

The purpose of this paper is to discuss a similar probe 
which, although perhaps less well known, is probably more 
readily available to many laboratories since it utilizes an old 
phenomenon, viz.. X-ray absorption. 

If one looks at the behavior of the X-ray absorption coeffi¬ 
cient of a material as a function of the frequency (energy) of 
the incident X rays, one finds a relation somewhat as indicated 
in Fig. 1. In this figure, the discontinuities are. explained as 
being due to the X-ray ionization (or ejection) of an electron 
from the K,L , or M shell of the atom into bands of unoccupied 
levels. With improved resolution, it is found that the absorption 
coefficient in the vicinity of one of these discontinuities is not a 
simple step-function followed by a monotonic decrease as the 
energy increases (as shown in Fig. 1), but rather that on the 
short-wavelength side of the discontinuity, the absorption co¬ 
efficient fluctuates, giving rise to what has been described as 
a "fine structure," 

Figure 2 shows examples of such fluctuations for the cases 
when the absorber is (a) a monatomic gas, (b) a polyatomic gas, 
and (c) a crystalline solid [1, 2]. 
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The e3q)lanation for these fluctuations is relatively simple 
for the monatomic gas (a). The fluctuations can be related to 
the transitions of the X-ray ejected electron to unoccupied op¬ 
tical levels of the atom. The fluctuations in such a case have 
never been observed for energies beyond the ionization energy 
of the atom; in the case of argon this is ~ 16 ev. 

The fluctuations for the slightly more complicated case of 
the polyatomic molecule (b) extend over a somewhat larger en¬ 
ergy region. The general approach used to explain the fluctua¬ 
tions in this case is to consider the problem as a scattering 
problem in which the ejected electron is scatteredby the atoms 
adjacent to the atom from which the electron is ejected. The 
success of this approach for polyatomic molecules has been 
only mediocre. 

For the third case (c), that of the solid, as far as we know 
both eiqperlments and theoretical considerations have been 
confined to crystalline solids. After a brief discussion of the 
experimental method used to obtain the data, we shall return 
to a consideration of extant theories about the fluctuations ob¬ 
served for solid materials and, particularly, how they relate 
to the results we have obtained for GeOj glass. 
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EXPERIMENTAL PROCEDURE 

It will be recalled that, for a given wavelength A of X rays, 
the absorption properties of a material can be represented by 
an expression of the form 


( 1 ) 

where Iq is the incident intensity; I is the transmitted intensity; 
X is the thickness of the absorber; and /i(A), which is a function 
of wavelength, is the linear absorption coefficient. Since we are 
interested here in how n varies with A, it is essential for this 
experiment to have a uniform and fixed thickness for the ab¬ 
sorbing sample. Furthermore, it turns out that it is desirable 
to have the sample as thin as possible while still maintaining 
a uniform, homogeneous character over its cross section. 

The preparation of such a sample can be accomplished in 
several ways. If the material to be studied is a metal, for in¬ 
stance, the sample can be rolled or etched to a foil of the 
necessary thinness. Glasses and single crystals can be ground 
to the necessary thinness. For nonmetallic, polycrystalline 
materials, a fine powder can be suspended in some carrying 
medium such as plastic or castor oil. 

With the sample properly pr^ared, the method of taking 
data is simply to measure the Intensity of a monochromated 
beam in a diffraction unit, insert the sample into the beam, and 
measure the transmitted beam Intensity. This process is re¬ 
peated for each wavelength selected and either the ratio l/l^ or, 
more commonly, In i/f/o is plotted as a function of A. The reason 
for plotting In l/l^ is that, for a given sample thickness x. In l/l^ 
is directly proportional to /it, the proportionality constant being 
simply -X, 

A schematic diagram of the experimental setup is shown in 
Fig. 3. The simplest way to select the energies of the X rays 
incident on the ^sorber is to use a single crystal and collimat¬ 
ing slits as the monochromator. As a result of Bragg's law for 
X-ray reflection from a crystal, nA = 2d sin e, we can spread the 
X rays of different energies into a fairly large angular region 
and then, with a collimating slit, select a very narrow fre¬ 
quency range to illuminate the sample. It should be noted that, 
in addition to the desired wavelengths, it is also possible to 
have additional wavelengths present at the same angle d by let¬ 
ting n = 2, 3, .,. in Bragg's law. Since these X rays are not 
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Pig. 3. Schematic diagram 
of experimental arrange¬ 
ment. 


Diffracting 

Crystal 



characteristically absorbed by the sample, they add to the 
background, thus reducing the contrast of the resulting absorp¬ 
tion spectrum. The usual procedure followed to eliminate these 
extraneous wavelengths is to operate the X-ray tube at a volt¬ 
age just below the value which would excite them according to 
the restriction E zzhv. Another way is to use a pulse-height 
analyzer, if available. 

When making absorption measurements of this type, con¬ 
sideration must be given to the method of detecting the X rays. 
In the early measurements, all of the absorption spectra were 
photographed. Although most workers today utilize some sort 
of electronic detector such as GM tubes or scintillation detec¬ 
tors, measurements are still made photographically. The main 
advantage of the photographic method is its convenience since 
the whole spectrum can be photographed at once (although re¬ 
quiring a very long exposure time). The disadvantages of the 
photographic method, however, are many. The three main 
sources of difficulty are: (1) absorption by elements in the 
emulsion; (2) uncertainties in knowing the amount of darkening 
of the film at a given wavelength and exposure time; and (3) the 
necessity of making a densitometer measurement of the actual 
intensities recorded. Another minor drawback of the photo¬ 
graphic method is the difficulty involved in rechecking small 
regions of a given spectrum. 

When using an electronic detector such as a GM tube, the 
usual procedure is to set the instrument for a given X-ray en¬ 
ergy (\ or 0 ) and record the intensity. The sample is then in¬ 
serted in the beam and the intensity is again recorded. After 
correcting for background intensity, the In of the ratio of these 
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two readings is plotted for that wavelength and the process is 
repeated step by step over a range of wavelengths. 

If one is fortunate to have an X-ray unit whose stability is 
excellent, it is frequently possible to record a single /o(A) curve 
for a given region. This curve can then be used for all absorp¬ 
tion measurements in this region and one can record I(X) 
throughout the region without the necessity of continually re¬ 
moving and replacing the absorber. In this case, the measure¬ 
ments are more quickly completed; moreover, it is quite easy 
to automate the whole measurement by u tili z ing a step-scanner 
as has been done by Van Nordstrand as reported in "Non-Crys¬ 
talline Solids," John Wiley (1960). 

The measurements being reported here were made using a 
GE XRD-3 diffraction unit set for a 2* take-off angle. The 
monochromator was a single crystal of NaCl. The exit slit 
from the X-ray tube was a 1® slit and the detector slit was 
0.02®. The unit was operated at 13 kv and 29.5 ma when study¬ 
ing the iron edge and at 20® kv and 41,4 ma when stud 3 dng the 
Ge edge. A total of 10,000 counts was accumulated for each lo 
and I value for a given angular setting and each curve is the 
average of three such measurements. For the iron data, read¬ 
ings were taken for angular Increments of 2 6= 0.01® corre¬ 
sponding to—1.93 ev. For the Ge data, readings were taken for 
angular increments of 26= 0.005®, corresponding to~2.415 ev. 

RESULTS AND DISCUSSION 

Figure 4 shows the results of measurements made of the 
absorption spectrum of iron in the pure metal and in several 
of its oxides. This set of curves is typical of what is found for 
crystalline material. One observes, for example, pronounced 
fluctuations in the absorption coefficient over a range of ener¬ 
gies of the incident X rays of several hundr;ed electron volts. 
Furthermore, the differences in the patterns obtained suggest 
a strong dependence on environment of the absorbing iron atom. 

The first successful explanation of these observed fluctua¬ 
tions in the absorption coefficient was given by Krbnig in 1923 
[3], He assumed that the electron was ejected from the absorbing 
atom into one oftheconductionbandsof the crystal. That is, in¬ 
stead of the electron being raisedtooneof the unoccupied opti¬ 
cal levels where all ofits energy would still be potential energy, 
he considered the electron as having received enough kinetic 
energy to be essentially free to move around in the lattice and 
no longer bound to its parent atom. 
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This assumption leads to a description of the excited elec¬ 
tron by a plane wave of the form exp(/J.r) modulated by the po¬ 
tential in the crystal, Krdnig calculated the wave function of an 
electron in such a situation by solvingtheSchrbdinger equation 
using a perturbation technique. Thus, if one writes down the 
SchrOdinger equation for such an electron, it has the form 

Sttxr 

(E - oVix, y, «))v'/ 0 (2) 

where m is the mass of the electron; h is Planck*« constant; 
nx, y, 2 ) is a periodic potential function with the same period as 
me lattice; andaisaparameterindicatingthe degree of binding. 

When o- = 0, the electron is free. 

Equation (2) has a solution of me form 


y,.) 


(3) 
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where I,m, n are Miller Indices; a(x, y, 2 ) is a periodic func¬ 
tion with the same period as the lattice; and G Is an integer. 
After carrying out the calculation, one finds that certain ener¬ 
gies are forbidden to the electron. These are the same energies 
which would correspond to the electron wave being reflected 
from crystallographic planes for which a Bragg angle condition 
is satished. For a cubic lattice, these energies are given by 
the expression 

Said* cos* 6 

where a, j8,, y are related to the plane whose Miller indices are 
h, k, I; d is the Interplanar spacing; 6 is the angle between the 
momentum vector k of the electron and the vector normal to 
the planes (h, k, i). 

If one used polarized X rays (i.e., X rays with a known 
direction of the momentum vector) and a single crystal ab¬ 
sorber, the electron energies given by equation (4) would be 
forbidden. In this case, the incident X rays could not be ab¬ 
sorbed and there would be "spikes" of low values of the ab¬ 
sorption coefficient in the absorption spectrum. Since meas¬ 
urements are usually made with unpolarized X rays and poly¬ 
crystalline absorbers, however, it is necessary to integrate 
over all angles 6 . The result is that, instead of "spikes" one 
observes only fluctuations in n rather than discontinuities. 

Krdnig's tibeory was capable of giving a fairly good qualita¬ 
tive explanation of the experimental data available at the time. 
The theory is particularly useful in explaining the observed 
dependence of the fine structure on temperature and on crys¬ 
talline structure. However, its limitations were severe: (1) It 
is only applicable for fluctuations at a considerable distance 
(in energy) from the main absorption edge. (2) It did not take 
account of the transition probabilities between energy states 
but only considered the existence and multiplicity of the energy 
states. (3) It did not take account of the fact that electrons with 
these energies (several hundred electron volts) do not travel 
veiT? far in a solid without losing their energy. That is, the life¬ 
time of the energy state of the ejected electron may be short. 

Several alternative explanations or modifications of Krdnig’s 
theory have been proposed [4-6]. Ihe one which seems most 
promising at the present time is the one given by Shiraiwa 
et al. [6]. In this theory, the ejected electron is considered to 
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be scattered by the adjacent atoms in the solid, i.e., the phe¬ 
nomenon is treated as a collision scattering problem. The 
electron is again represented by a plane wave function which 
is, however, multiplied by an attenuating factor to take account 
of the energy losses Incurred in the inelastic collisions of the 
electron with neighboring atoms. 

The consequence of this treatment is that the fine structure 
observed may be related only to the atoms in the neighborhood 
of the absorbing atom. This would be true if the interactions 
between the ejected electron and the adjacent scattering atoms 
were largely inelastic, i.e., if the electron is never really "free" 
in the lattice, as is required by the KrOnig assumption. The 
theory of Shiraiwa et al. is also able to account for the ob¬ 
served dependence of the absorption fine structure on crystal 
structure and temperature since, for a crystal, the local en¬ 
vironment (both the symmetry and spacing) is determined by 
the crystal structure and the temperature of the sample. 

In order to test the applicability of these theories to the 
study of glasses, we measured the X-ray absorption coefficient 
in glass samples for two different elements—Fe and Ge. Meas- 


Fig. 5. Fe X-ray absorption 
coefficient vs. frequency 
for crystalline Fe oxides 
and glasses containing Fe. 
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urements were made in a sodium disilicate glass containing 
approximately 5^^ Fe by weight inboth the Fe^* and Fe®* valence 
states. The results are shown in Fig, 5. As can be seen, the 
results are somewhat ambiguous, primarily as a result of the 
small amount of iron present and the instability of the X-ray 
unit at the time the measurements were made. This small 
amount of iron made it difficult to separate the part of the 
absorption due to the iron alone from the absorption due to the 
rest of the material in the sample. Despite the difficulty of 
attaching too much meaning to the fluctuations for the iron 
case, we were still able to measure a shift in the relative po¬ 
sition of the main absorption discontinuity as shown in Fig. 6. 
The values of the shift measured for the crystalline oxides 
are in general agreement with other measurements in the 
literature [7], Although we have not tried it, our measurements 
suggest that, with the use of a curved crystal or two-crystal 
spectrometer (i.e., a higher resolution capability), the extent 
of the shift could be used to measxire the amount of Fe®*or 
Fe®'^ present in a sample. Such an arrangement could be used 
for any element for which there is a measurable shift. 

Because of the difficulties encountered with the iron meas¬ 
urements, we measured the absorption coefficient in the vicinity 
of the Ge K -absorption edge in two crystalline forms and in an 
amorphous form of Ge02 which is a good analogue of Si02. These 
measurements had the following advantages: (1) The germa¬ 
nium present in the sample accounted for the largest part of the 
total absorption. (2) There were no chemical changes to com¬ 
plicate the comparison of the measurements. (3) The geinna- 
nium K-absorption coefficient inpure germanium metal hasbeen 
extensively studied [9-15] and the absorption coefficient in at 
least one of the crystalline forms of the oxide has been pre- 
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Fig. 6. Shift in portion of main Fe X-ray absorption 
discontinuity as a function of Fe valence. 
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viously measured [16]. The results of our Ge02 nieasureiiieiits 
are shown in Fig. 7. 

From the figure, we see that thetwocirystalline forms give 
fluctuations in the absorption coefficient which are markedly 
different from each other. This result can be expected from 
the viewpoint of either the original Kronig theory or from its 
modifications due to Shiraiwa et al. The most interesting result 
is the fluctuation pattemfortheGe02glassor amorphous form. 
From the figure we see that, within the limits of the measure¬ 
ment, the pattern is identical to that for the hexagonal cicystal- 
line modification. 

On the basis of the Kronig theory, this is a somewhat sur¬ 
prising result since the Ge 02 glass was distinctly "amorphous” 
as measured by ordinary X-ray diffraction and optical micros¬ 
copy, wMe the hexagonal crystalline modification was indeed 
crystalline. Thus, although it may not be surprising that there 
are fluctuations for the glassy GeOa out to 300 ev in energy, it 
is surprisi^ that the fluctuations are identical with those for 
the crystalline form since electrons ofthis energy should begin 
to be affected by the differences in "long-range order” between 
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the two matenals if the "free electron" approximation of KrOnig 
is valid. 

On the other hand, on the basis of the Shiraiwa modification 
of KrSnig's theory, which allows for all of the "fine structure" 
to be caused by nearest or next-nearest neighbors, the result is 
reasonable. But even here, the fact that the results are identical 
is still a little surprising because this would seem to Indicate 
a requirement for not only the same coordination but, in fact, 
exactly the same S3nnmetry and spacing for at least the first or 
second coordination shells in both the crystalline Ge 02 and the 
Ge02 glass. In other words, a truly random network concept 
does not seem applicable to the Ge 02 glass, at least as far as 
can be determined from a measurement of this type. At the 
same time, the ordinary X-ray diffraction measurements indi¬ 
cate that there is no really extensive long-range order in the 
sample. 

Although we do not make the unequivocal claim that the Ge02 
glass is "crystalline" when examln^ on a sufficiently localized 
scale, the present results do suggest such a possibility. Fur¬ 
thermore, infrared measurements made on the two crystalline 
forms and on the amorphous form of Ge02by Obukhov-Denisov 
et al. p.7] give similar results; i.e., the infrared and Raman 
spectra of the glass and of the hexagonal form are quite similar 
while the tetragonal form is completely different. 

Recent measurements by Lytle [18] of the X-ray absorption 
spectra of Cu and Ni at cryogenic temperatures led him to 
the conclusion that if the Krbnig explanation is correct, it is 
necessary to consider the Bragg reflection of the ejected elec¬ 
tron to occur at planes of extremely high Miller indices, i.e., 
very small interplanar spacings and therefore rather short 
distances from the absorbing atom. K the Ge 02 glass is, in 
fact, crystalline on a localized scale, the KrOnig explanation 
might still be valid if one accepts Lytle's interpretation since 
reflection from higher-index planes would not require any 
long-range order in the sample. Furthermore, utilizing the 
higher-order planes makes the Krdnig and Shiraiwa theories 
essentially equivalent since diffraction is only a special type 
of scattering. 

In summary, we can make the following statements: 

1. X-ray absorption phenomena can give useful information 
about the amorphous or glassy state as well as about the crys¬ 
talline, state of solids. 

2. TTie information about such phenomena is readily obtain- 
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able in many laboratories since it requires only a conventional 
X-ray diffraction unit and some patience. 

3. Measurements made on glasses would be of particular 
value to the physics community, since the data obtained would 
help to clarify the theoretical picture of X-ray absorption in 
solids. 

4. The possibility exists of utilizing X-ray absorption 
phenomena as a nondestructive means of measuring valence 
states in a solid. 

5. The results of measurements made on the Ge02 system 
in the amorphous state (prepared from hexagonal crystal form) 
suggest t^t the glass has a degree of order and symmetry 
very similar to, or identical with, the hexag^onal crystalline 
modification of Ge02. The notion of a t3nie random network does 
not seem applicable to the Ge 02 glass. 

6. Oim results on the Ge 02 system are more consistent with 
the modified, rather than with the original, KrSnig theory. 
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A SUGGESTED APPROACH TO THE 
TEACHING OF X-RAY SPECTROSCOPY 

William F. Loranger 

Picker X-Ray Corporation 
White Plains, New York 


It has become increasingly apparent that one of the most 
important devices for instrumental chemical analysis is the 
X-ray emission spectrometer. It should now be considered as 
^ring in importance in the teaching laboratory with 
Mrared and ultraviolet spectrophotometers, the optical emis¬ 
sion spectrograph, the polarograph, the chromatograph, and 
nuclear paramagnetic resonance instrumentation. Indeed, pre¬ 
sent commercial usage (over and above research and uni¬ 
versity laboratories) of the X-ray emission spectrometer has 
grown to the point that the shortage of scientists and tech¬ 
nicians previously trained and currently being trained in this 
specialty presents a serious problem to industry. 

For fifty years or more. X-ray diffraction techniques have 
been taught (and considerable research undertaken) at many 
university laboratories in various depaitments: geology, metal¬ 
lurgy, ceramics, agronomy and soil sciences, chemistry, 
physics, mineralogy, etc. Only in the last decade or so, how¬ 
ever, has any great importance been ascribed to X-ray emis¬ 
sion techniques. This Importance is primarily from a research 
aspect, however, rather than a formal classroom approach. 
Even though X-ray emission, like diffraction, transcends 
departmental boundary lines, it appears that the main approach 
to the teaching of this vital analytical technique should be the 
p me responsibility of the university’s chemistry department, 
^e responsibiUty seems clear-cut when X-ray emission is 
simply descrll^d as another form of instrumental chemical 
analysis, and die approach to teaching the techniques involved 
respects to what has been used for many 
years for other instrumental methods. The stumbling block 
may have been, and may continue to be, the relative high cost 
-ray instrumentation. There are a number of commercial 
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instruments available on the market today, and the cost of 
these ranges from $ 18,000 to $ 25,000, depending, of course, 
on the number and variety of accessory items ordered. What 
does seem surprising, however, is that although many labo¬ 
ratories already have diffractometer systems, the possibility 
of converting from diffraction to emission with a modest 
expenditure for the proper accessories has been somewhat 
overlooked. When this has been done, it has been done primarily 
for research and not for teaching purposes. 

It is certainly unnecessary to review for the participants 
in this Symposium the theory of X-ray emission or the princi¬ 
pals of operation of a particular type of spectrometer. It 
seems sufficient merely to reflect that X-ray emission tech¬ 
niques for elemental analysis have been demonstrated for 
nearly every element in the periodic chart from magnesium 
to uranium on a "dry" basis, to replace the "wet" gravimetric 
and volumetric routine analysis. This does not mean that 
classical methods of analytical chemistry will ever be com¬ 
pletely replaced. To the contrary, it gives impetus to classical 
research to improve wet methods to provide better instru¬ 
mental calibration data. 

In dxe past few years, hundreds of papers on X-ray emis¬ 
sion analytical procedures and two worthwhile texts have ap¬ 
peared in the literature. Application has become so diversified 
as to know practically no limitations as to type of analysis. 
Trace analysis by X-ray emission is becoming increasingly 
important with some laboratories reporting less than one part 
per million concentration routinely detected and analyzed 
quantitatively. 

X-ray emission instrumentation has found its way in the 
past several years into routine industrial chemical laborato¬ 
ries as a siibstitute for routine wet analytical methods for 
process control. With the speed of X-ray analysis, analytical 
data cease to be historical data on a product, but data with 
which a process can be controlled. (I must digress here for a 
moment to say that at present I personally am dubious of so- 
called "on-line control" only from a standpoint of cost and 
difficulty encountered with instrument down-time. At present 
I feel that laboratory analyzers, either singly or in groups, 
can handle any process analytical problems more than ade¬ 
quately, at considerably less cost and a higher degree of re¬ 
liability.) More and more. X-ray analyses are becoming the 
responsibility of industry's chief chemist, who after training 
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himself in X-ray spectrometer operation, eventually finds 
himself in the role of teacher, training technicians to do 
rautine X-ray analysis. Fortunately, the chief chemist has had 
in most instances, previous experience with instinimental 
chemistry, either during his university training or in his own 
laboratory. He has generally developed a feeling for instru¬ 
mental analysis, in that all instruments yield useful results 
only when successfully calibrated, A further appreciation for 
the fact that instrumentation yields a high degree of precision 
with speed unobtainable by wet methods is thechemist^s prime 
motivation in selecting X-ray emission as an analytical pro¬ 
cedure. 

I purport not to be a professional educator, but several 
years of experience in the X-ray field, coupled with formal 
training as an instrumental chemist, as well as having taught 
analytical chemistry for a number of years, provides me the 
backgroimd and opportunity to propose what I consider to be a 
course outline that would adequately serve to prepare the 
^aduate analytical chemist to assume a highly useful role in an 
industry using the X-ray spectrometer. The premise on which 
the outline is based is that the student had no prior exposure to 
course work in X rays. 

It is comprised of a series of ten lectures (50 minutes): 

Fundamental X-ray Physics 
The Origin of the X-ray Spectrum 
Instrumentation and Measurements 
Specimen Preparation 
Qualitative Interpretation; 

Selection of Crystals 
Quantitative Measurements 
Interelement Effects 
Precision vs. Accuracy; 

Problems of Day-to-Day Analysis 
on a Routine Basis 


I and II 

in 

IV and V 

VI 

VII 

vm 

IX 

X 


conjunction with the lectures should 
hoS-s)f*^^ ^ comprised of five sessions (3 

^ ^^illarization with instrumentation. Choice of vari- 

crystals. 

counter tubes, exclusion of air, 

plateau. Familiarization with 
existing wavelength tables. Qualitative scan andidenti- 
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fication of a solid specimen (no specimen preparation 
required). Qualitative analysis of an unknown. 

III Preparation of powdered samples. Preparation of a 
series of standards. Preparation of a working curve 
from standards. Quantitative analysis of an unknown. 

IV Referral of unknown to same working curve at a later 
date. Problems of day-to-day analysis. 

V Demonstration of interelement effects. Special prob¬ 
lems. 

In this way, with ten lectures and five laboratory sessions, 
the work could be incorporated into an instrumental chemistry 
course for a 20-week semester. It is also suggested that cur¬ 
rent literature be reviewed in a seminar plan in order to make 
students aware of current problems and solutions to problems 
in the emission field. This then serves as one approach to 
teaching X-ray emission in the university laboratory, to train 
chemists to keep abreast of the ever-increasing use of X-ray 
emission in industry. 



X-RAY SPECTROSCOPY IN BIOLOGY 
AND MEDICINE 


PRELIMINARY REPORT ON THE MICROANALYSIS 
OF HUMAN TISSUES FOR IRON, ZINC 

and potassium ’ 


James C. Mathies and Paul K. T nnH 

Pacific NortJiTOst Research Foundation and 


INTRODUCTION 

reUability of the X-ray spectrograph in biology and 
analysis of microspecimens of 
and chloride has been 
established p^4]. Extension of this method to the analysis of 

therefore both feasible and desirable. The^avail- 
^ility of a technique suitable for the analysis of needle biopsy 

SMtSments°L^T®i/°’' ^ important metabSlc 

of accurate diagnosis and therapy 

r<»r>nT^ A ular metabolism. The present preliminary 

Sc « feasibiUty of measuring potassium!^ 


experimental 


Spectrometer Operation 

electeo^c^ciJiSr!!^ J'""? spectrograph with associated 

ecteonic circuit panel and pulse-height analyzer was used. 

operated at 50 kir aS 40 
ma, and all elements were measured using first-order K. fluo 
rescent radiation. Except where etherise de^^ed 
m^tal operation was as previously described [1 3 5]’Specific 
settings for the various elements are summarized in T^e l! 

by National Institutes of Heaim te- 
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TABLE I 

Instrumental Settings 


Element 

Iron 

Zinc 

Potassium 

Sulfur 

Analyzing cr 3 rstal 

UF 

LiF 

LiF 

NaCl 

X -ray path 

Air 

Air 

Vacuum 

Vacuum 

Goniometer 26 setting 

57,50* 

41.80* 

136.65* 

144.70* 

Detector* voltagef 

1650 

1600 

1650 

1725 

Counting threshold voltaget 

21 

12 

7.5 

15 

Channel width voltage 

30 

30 

30 

30 

Count collection X 10’® 

64 

32 

64 

16 


*Ga8-flow prqportioiial detector with 90% argon-10% methane as the fllUng 
gas. 

tlnfi^uent minor readjustments are necessary. 


Tissues and Hydrolysis 

Macrospecimens ranged in weight from 1 to 5 g and were 
hydrolyzed by briefly heating with 2.5 volumes of concentrated 
nitric acid. The resulting solution was diluted with an equal 
volume of distilled water, chilled to congeal the supernatant 
lipid phase, and filtered through a pyrex glass wool plug in a 
polyethylene funnel into a volumetric flask. The transfer was 
completed using 0.1 N nitric acid. The hydrolyzate was then 
diluted to yield a solution containing 100 mg original tissue 
wet weight per milliliter. 

Biopsy specimens were blotted free of excess blood and 
fluid and placed in preweighed 400-|d polyethylene centrifuge 
tubes. The tubes were immediately stoppered and weighed to 
obtain specimen size. The tissue was then hydrolyzed directly 
in the centrifuge tube by heating for a few minutes at 100® in 
the presence of 30 fil of concentrated nitric acid. 

X-ray Specimen Preparation 

For iron and zinc measurements, 1 ml aliquots of macro- 
hydrolyzate were taken to drymess and redissolved in sufficient 
2N HNOg to 3 deld a final volume of 200 ftl. Duplicate 50 pi 
aliquots were dried on 13-mm filter paper disks (25 mg tissue 
per disk) for inseirtion in the spectrograph. For the measure¬ 
ment of potassium 100-pl aliquots were dried and reconstituted 
in 100 pi of 1^ aqueous methylcellulose in IN ammonium hy¬ 
droxide. Specimens were prepared for counting by drying 
50-pl aliquots on aluminum foil planchets [1]. 

Biopsy specimens were prepared by drying the hydrolyzate 
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in the original microfuge tube. For zinc and iron measurements, 
the residue was redissolved in 5 /nl 2 N HNO3 per milUgram of 
original tissue wet weight. Suitable aliquots were prepared for 
counting by drying on filter paper disks as before. Potassium 
was estimated by dissolving the residue in 10 fil of ammoniacal 
methylcellulose per milligram of original tissue wet weight, 
and preparing planchets using 50-ul aliquots. 

Reference Procecfures 

1 determined using a wet-ashing procedure with 

1,10-phenanthroline [6], zinc by the dithizone method [7], and 
potassium was measured with the Coleman flame photometer 
according to a minor modification of the manufacturer's di¬ 
rections. 


Calibration 

Values for zinc and iron were calculated using an internal 
standardization procedure. Separate aliquots of each tissue 
hydrolyzate were mixed with a multiple iron-zinc standard and 
processed as usual. The counting rate per microgram of added 
eluent was used to calculate concentrations from counting 
rates of ^ecimens not containing added standard. Generally, 
12.5 Md 2.5 ng of iron and zinc, respectively, were added per 
disk. Potassium counting rates were calibrated by comparison 
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a:^’ planchet on potassium 

^ tes, A myocar’dial hydrolyzate was employed. 
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with values obtained using the flame photometer. Ultimately, 
permanent bracketing standards would be used in making 
routine assays. 


RESULTS AND DISCUSSION 

Quantitation of spectrographic line intensities is not diffi¬ 
cult when a linear relation exists between the concentration 
of the element being measured and instrumental response. 
That such a relation holds for potassium where the amount of 
tissue wet weight per planchet is varied from 2 to 8 mg is 
demonstrated in Fig. 1. Similar experiments, in which the 
matrix was held constant, yielded a linear response when the 
potassium was varied from 0 to 40 fxg per planchet. Sulfur 
counting rates, on the other hand, exhibit a significant decrease 
in counting rate per milligram of tissue as the amount of 
tissue per planchet is increased. This effect is regular and 
not severe, and with suitable controls, measurements of sulfur 
Ka fluorescent radiation should serve as a suitable monitor as 
to the amount of tissue (protein) per individual planchet. 

Similar data are presented in Fig. 2 for zinc and iron. 
Results for zinc are linear; however, iron exhibits moderate. 



I 

I 

$ 

I 
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Fig. 2. Response of iron and zinc counting rates to Increased amounts of 
liver hydrolyzate. 
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TABLE II 

i^ecimen Preparation Reproducibility 

d a S-Ka-Net c/sec K-Ka Net c/sec Fe- jKa Net c/sec Zn-Ka Net cAec 

^ 8 *----— 

a Di g Per5mg ^ Pei5mg ^ Per25mg ^ Per25mg % 

a Z o ^ tissue o tissue o 


I 12 276±3.8 1.4 ‘2727±37 1.4 
n 10 300±12 4.0 2747±131 4.7 

ni 10 1072±18 1.7 435±6 1.4 

IV IQ _ 582db27 4.7 125i;ll 8.8 

E3^>erlinent8 I and III are replicates from single xnacrohydrolyzates; experi¬ 
ments II and IV represent biopsy replicates from individual specimens of tissue. 
Myocardial muscle was used In I and U; liver in III and IV. 

but significant, nonlinearity. In view of this latter obseirvation, 
similar experiments were carried out in which the matrix was 
held constant at 25 mg per disk. Both zinc and iron were varied 
from 0 to 100 and the resulting instrumental responses 
were quite linear. 

Having demonstrated that a proportionality exists between 
the instrumental response and the concentration of iron, zinc, 
and potassium, it was then necessary to examine the repro¬ 
ducibility of the techniques devised for preparation and mount¬ 
ing of specimens. This aspect is studied in Table II, where the 
counting rate of replicate specimens is studied. Reproducibility 
of replicates where a single macrohydrolyzate is analyzed is 
entirely adequate for the intended application, and in fact 
closely approaches the statistically predicted accuracy based 
on count collection alone. 

Deviations of analytical results when assaying serial 
specimens obtained by punch biopsy are significantly higher, 
and are a reflection of increased sampling error. Although all 
of the sources of this increased error are not certain, it is 
likely that tissue heterogeneity is an important factor. Variable 
inclusion of connective tissue, extracellular fluid, blood, and 
plasma are certainly involved. Since analytical deviations of 
this type will increase in magnitude as specimen size is de¬ 
creased, the level of accuracy obtainable is therefore in¬ 
herently limited by the degree of tissue inhomogeneity and the 
size of the sample. The biopsy specimens varied in weight 
from 3 to 20 mg and were weighed to the nearest 0.1 mg. The 
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TABLE III 

Tissue Potassium Analyses: Correlation of X-Ray 
and Reference Procedures 



Specimen 

Milliequivalents/kg tissue wet weight 

No. 

Tissue 

Reference 

X-ray 

Deviation 

18 

Pooled serum 

5 

5 

0 

61-A-ie 

Kidney 

46 

48.5 

+2.5 

61-A-285 Adrenal 

43 

43 

0 

62-A-l 

Heart 

69 

69.5 

+ 0.5 

n 

Spleen 

88 

88 

0 

fi 

Brain 

71 

76 

+5 

n 

Skeletal muscle 

95 

98 

+3 

62-A-lO 

Kidney 

50 

50.5 

+0.5 

ft 

Liver 

65 

65.5 

+0.5 

62-A-12 

Gastric mucosa 

30 

32.5 

+2,5 


TABLE IV 

Tissue Iron Analyses: Correlation of X-ray and 
Reference Procedures 

Specimen 

mg/lOO g tissue wet weight* 

No. 

Tissue 

Reference 

X-ray 

Deviation 

61-A-16 

Pancreas 

3.5 

3.7 

+ 0.2 

61-A-16 

Kidney 

7.8 

8.9 

+ 1.1 

61-A-31 

Liver 

63.1 

65.2 

+2.1 

61-A-37 

Liver 

11.5 

11.6 

+0.1 

61-A-45 

Spleen 

21.3 

20.6 

-0.7 

61-A-87 

Liver, "normal" 

27.5 

28.3 

+0.8 

61-A-87 

Liver, "tumor area" 3.2 

3.5 

+0.3 

61-A-189 

Liver, 1st lobe 

432 

464 

+32 

61-A-189 

Liver, 2nd lobe 

653 

646 

-8 

18 

Serum pool 

““ 

0.5 

— 


♦X-ray results were calculated using an Internal standard. The minimum 
number of replicates was two for each determination. 
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TABLE V 

Tissue Zinc Analyses: Correlation of X-ray and 
Reference Procedures 


Specimen 

mg/100 g tissue wet weight* 

No. 

Tissue 

Reference 

X-ray 

Deviation 

61-A-:6 

Kidney 

3.4 

3.3 

-0.1 


Pancreas 

1.9 

2.1 

+ 0.2 

61-A-57 

Liver 

13.8 

12.6 

-1.2 

61-A-58 

liver 

10.1 

10.0 

-0.1 

61-A-60 

Liver 

7.6 

7.7 

+ 

p 

61-A-87 

liver, "normal" 

4.9 

4.4 

-0.5 

II 

Liver, "turn or area* 

' 2.3 

2.4 

+0.1 

61-A-189 

liver,. 1st lobe 

7.6 

7.4 

-0.2 

■ 

Liver, 2nd lobe 

7.0 

7.0 

0 

61-1515 

Prostate 

- 

35.8 

. 

62-A-l 

Skeletal muscle 

4.7 

4.7 

0 


♦X-ray results were calculated using internal standardization, and 
variation In background was compensated for by use of offset 2 0 meas¬ 
urements at 40.50®, All determinations were carried out at least in 
di^licate. 


TABLE VI 

Serial Tissue Potassium Values During Experimental 
Hypothermia and Heart Surgery in Dogs • 


Time (min) 

5 

40 

60 

90 

105 

Body temperature (®C) 

37" 

32" 

27.5" 

33" 

35.5" 

Tissue 



Myocardial muscle 


Avg. biopsy wL (mg) 

5.2 

4.2 

2.75 

6.55 

4.5 

meq K/kg tissue 

85 

88 

77 

68 

67 

Tissue 



Skeletal muscle 


Avg. biopsy wt. (mg) 

13.3 

15.1 

11.8 

- 

21.9 

meq K/kg tissue 

78 

78 

79 


73 


♦All results represent averaged values of duplicate measurements. 
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weighing error is therefore significant, but can be readily 
diminished by use of a more sensitive analytical balance or 
equating results in terms of a constant sulfur counting rate. 

As a final check on the reliability of the analytical pro¬ 
cedures devised for the X-ray spectrograph, a series of 
macrohydrolyzates was prepared. These specimens were then 
assayed for potassium, iron, and zinc using both the X-ray and 
reference procedures. The comparative data obtained are 
presented, in Tables III-V. Specimens were selected to provide 
the widest possible range of values which might be encountered 
in analyzing human tissue. The absence of biologically sig¬ 
nificant analytical deviations substantiates the belief that valid 
practical procedures have been devised. Measurement of cal¬ 
cium and chloride in these same specimens should be possible 
after minor procedural changes. 

No attempt has been made in this investigation to de¬ 
termine minimum sample sizes, due to marked variations in 
elemental concentrations from tissue to tissue, and micro¬ 
heterogeneity within single tissues. Considerable reductions 
in sample size are possible, however, with uniform material. 
The measurement of potassium, for example, is feasible with 
as little as 200 fig tissue wet weight. 

Development of X-ray spectrographic procedures for the 
elemental analysis of microspecimens of tissue will allow 
clinical measurements that have heretofore been quite difficult 
or virtually impossible. An example of thet 5 rpeof investigation 
that becomes possible is presented in Table VI. These data 
were obtained during the course of experimental heart surgery 
on dogs to determine the effects of inducing hypothermia on 
myocardial tissue potassium. The small size of the tissue 
specimens was such that trauma to the myocardium was 
minimized, thus allowing serial analysis throughout the surgical 
manipulations. The future usefulness of such in vivo tissue 
analysis in clinical medicine remains to be explored; how¬ 
ever, many fruitful diagnostic applications seem likely. 

SUMMARY 

X-ray spectrographic procedures for the determination of 
potassium, iron, and zinc using micro- and macrospecimens 
of human tissue are presented. Analytical results obtained 
with these procedures are demonstrated to be in good agree¬ 
ment with those obtained by previously established methods. 
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Advantages of the X-ray microprocedures are pointed out, 
and an example of the useful application of such microdeter¬ 
minations of myocardial potassium during experimental animal 
surgery is presented. 
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ANALYSIS OF NONMETALLICS BY X-RAY 
FLUORESCENCE TECHNIQUES 

B. R. Boyd* and H. T. Dryer 

Applied Research Laboratories, Inc. 

Dearborn, Michigan 


Last year at this Symposium, we discussed the use of 
X-ray fluorescence techniques for analyzing the products and 
by-products of the iron and steel industry, including some of 
the primary raw materials such as ores and sinters. 

The increased interest in this method during the past year 
has led to a series of studies into the potential applications of 
nonmetallic samples, including ores, sinters, slags, process 
streams, additives in oil, etc. These studies were made not 
only to evaluate performance data for the equipment but also 
to determine the effects of sample preparation on the analyses. 

An Applied Research Laboratories Vacuum Production 
X-ray Quantometer (VPXQ) (Fig. 1) was used for these studies. 
Because of the inherent speed of this polychromator design, a 
wealth of information is rapidly obtained. Instrument time for 
the usual sample containing light elements is about 5 min for 
duplicate analyses. The integration time may be varied as 
desired to meet the precision requirements. 

On this instrument, the X-ray tube is vertically mounted, 
providing for a 90* incident beam with the individual mono¬ 
chromators arranged radially around the X-ray tube. The 
outputs from all of the detectors are integrated simultaneously, 
the integration period being controlled by the measured in¬ 
tensity of an external standard, internal standard, or scattered 
radiation. After termination, each channel is read out se-' 
quentially on a strip chart recorder as a ratio of the intensity 
of an element to the intensity of the controlling radiation. 

The VPXQ, as shown, can accommodate up to 22 elements 
simultaneously, while the VXQ (Fig, 2), a physically smaller 
unit, can accommodate up to 9 elements. Where increased 
flexibility is desired on either instrument, a scanning mono- 
♦Present address: Angstrom, Inc., 2454 W 38th St., Chicago 32, UL 
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Fig, 1. The ARL Vacuum Production X-ray Quantometer. 


chromator may be substituted for a fixed channel to provide 
speed plus versatility. 

Three modes of operation are incorporated into the design 
of the Vacuum X-ray Quantometers—air, helium and vacuum— 
and each may be selected as desired by a convenient switching 
arrangement. The air mode would be used for a program in¬ 
volving only the heavy elements, the helium mode for light 
elements in volatile liquids, and the vacuum mode for light 
elements in powders and solids. For our studies, the vacuum 
mode was used for all of the powdered nonmetallics and solid 
metal samples, while theheliummode was used for the analysis 
of process solutions and additives in oils. 


MATERIAL STUDIES 

Iron Ore 

Iron ore samples of a variety of types Were chosen for this 
study (Table I). These samples covered a larger variety of 
grades than would actually be experienced in normal operation. 
A number of sample preparation methods were investigated, 




Fig. 2. The ARL Vacuum X-ray Quantometer. 

TABLE I 

Descriptions and Analyses of Samples 


Loss 

Chemical Analysis 
-1- igni“ 


Description 

Fe 

SiOg 

AI2O3 

TiOz 

tion 

Low Ignition Fines 

69,73 

0.30 

0.18 

0.01 

0.24 

Fines 

68.76 

0.28 

0.24 

0.01 

2.32 

Siliceous Fines 

67.23 

3.04 

0,44 

0.02 

0.46 

Crust 

64.08 

0.47 

1.80 

0,09 

6.10 

Aluminous Fines 

61.43 

1,00 

3.27 

0.15 

8.00 

Very Siliceous Fines 

62.68 

9.74 

0.22 

0.01 

0.56 

Ocherous Limonite 

57.75 

0.61 

4.30 

0.22 

12.43 

Friable Quartzite 

35.00 

19.41 

0.21 

0.01 

1.84 

Laterite Canga 

53.00 

6.91 

7.34 

3.66 

9.91 

Limonite and Laterite 

48.68 

2.07 

13.57 

0.72 

14.48 

Feruginous Quartzite 

34.28 

48.90 

0.39 

0.02 

1.71 

Laterite 

17.05 

27.32 

28.76 

1.55 

18.71 
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TABLE n 

Accuracy of Chemical and X-ray Values 


Element 

Range 

Chemical 

X-ray Fused 

X-ray 

Ravr Corr. 

Aver. 

Max. 

Aver. 

Max, 

Aver. 

Max. 

Fe 

17-70 

0.6 

2.5 

0.3 

1.3 

0.6 

1.5 

SiOtj 

0-50 

1.0 

4.0 

0.4 

1.3 

0.5 

1.4 

Al^O^ 

0-30 

0.8 

4.0 

0.3 

0.8 

0.3 

0.8 

Mn 

0-4 

0.03 

0.15 

0.01 

0.05 

0.01 

0.05 

Tipg 

0-4 

- 

- 

0.03 

0.2 

0.03 

0.25 

CaO 

0-1.5 

- 

- 

- 

- 

0.01 

0.02 

P 

0-0.5 

0.007 

0.08 

0.004 

0.02 

0.01 

0.05 

MgO 

0-1 

— 

— 

- 

- 

0.03 

0.14 


two of which proved satisfactory, both for anal 3 rtical data and 
ease of sample handling. 

The first preparation method is the faster and simpler 
procedure but involves slightly more time in data correlation 
than the alternate method. 

The iron ore sample is ground in a Bleuler Rotary Mill 
with a binder for 1.5 min; the ground sample is then briquetted 
on a backing of boric acid, and the resulting briquet is used for 
analysis. 

For the alternate method, the iron ore is fused with borax 
at a dilution of 1:5; the resulting glass bead is ground in the 
Bleuler Mill, briquetted as above, and analyzed. 

These samples were analyzed for Fe, Si 02 , AI 2 O 3 , Mn, and 
Ti 02 . Other grades and t 3 rpes of ores were also studied and 
analyzed for P 2 O 5 , S, CaO, and MgO in addition to those men¬ 
tioned for the control samples. T 3 ^ical analytical curves for 
these two methods are shown in Figs. 3-6. A comparison of 
the two X-ray methods and chemical methods is shown in 
Table II. In general, both of the X-ray methods provide data 
comparable to those of chemical meliods, with the fusion 
method being somewhat better than the unfused method. 

Slags 

Slag* samples from several plants and processes were 
analyzed for CaO, Si 02 . MgO, AI 2 O 3 , Fe, MnO, Ti 02 , CrzOg, 
and P 2 O 5 . These samples included slags from the acid cupola, 
basic cupola, open hearth, blast furnace, converter, and electric 
furnace. 
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Fig. 9. Analytical data for MgO in slags. 

The samples were prepared by grinding in a Bleuler Mill 
^d briquetted as for the iron ores. An evaluation of the ana¬ 
lytical data indicates that samples from different laboratories 
and for many elements from different processes may be ana- 

analytical curves, as illustrated in 
bigs. 7-9. A summary of the analytical data and comparison to 
chemical methods are shown in Tables IH-V. As with the iron 

“®thod provides comparable data 
to those of chenucal methods. 

analysis of slag samples by either chemical or X-ray 
I-"" dependent on the sampling and sample 

preparation procedures prior to receipt inthe laboratory. Very 
Sk? '^°^®l®^^^ 0 “^®tween the two methods and between different 
laboratories canbe obtained from adequately prepared material. 


Additives in Lubricating Oils 

petroleum additives in lubricating oils is de- 

Se^ikS^^rS" required physical properties of 

he Jtoished products, and second, to maintain these properties 

additives imparts specific 
Srof consequently, the final 

rtfif ^ determme both the desired properties and 

the types and amount of additives. Since each additive may con- 
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table hi 

Comparative Data on the Precision of 
X-ray Analysis of Slags 


Compound Cone. Range Precision At Cone. 


CaO 


14-54 7o 


SiO^ 

5-56 % 

MgO 

1-24 % 

AIjOs 

5-24 % 

MnO 

0.2-20 fo 

Fe 

0.2-48 % 

Fe 

0.2-48 % 

TiQs 

0.2-2.5fo 

PzOs 

0 . 02 - 6 . 0 % 

Crjps 

O.QI- 6 .&I 0 

FeO 

0.5-9.0% 


±0.07 % 

35.0 % 

±0.15 % 

24.0 % 

±0.21 % 

6.82% 

±0.13 % 

11.69% 

±0.012% 

4.04% 

±0.030% 

9.0 % 

±0.088% 

37.0 % 

± 0.012% 

1.64% 

±0.084% 

3.30% 

±0.009% 

0.72% 

±0.008% 

1.73% 


tain more than one essential ingredient and the final oils may 
than one additive, the control of these materials 
niust be awomphshed by the determination of a number of 
elements. Typical information is shown in Table VI. which 
lists the additive types of interest. 

The samples used for this study were prepared by the ad¬ 
dition of the additives to base stocks of different viscosities in 

in which might be encountered 

in routine processing. Five sets of standards were analyzed 
and covered an equal number of oil t 3 rpes. 

The VPXQ was used in the helium mode of operation and 
was programed as shown in Table VII. For this mode of 
operation the light element spectrometers are filled with 
^luin and separated from the sample chamber during loading. 
After loading, the sample chamber is flushed for a short peri^ 
of time, the shutter separating the spectrometers and sample 

chamber is opened, and the entire unit is flushed with helium 
at a low flow rate. 

Two types of liquid sample holders were used for these 
studies (Fig. 10). The first of these was made in the laboratory 
from a ^lystyrene vial and the second is a production ARL 
noider. piere are several advantages to the ARL holder: (1) 
elimination of air bubbles at the analytical surface; (2) repro¬ 
ducible sample surface; (3) ease of loading; (4) minimizes ef¬ 
fects of analyst's technique; and (5) sample maybe used for an 
extended period of time. The 0.25 mil Mylar film which is 
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TABLE IV 

Comparative Data on the Accuracy of X-ray 
Analysis of Slags 


Compound 

Cone. Range 

Aver, Dev.^ 

Aver. Dev.’l' 

CaO 

14-54 in 

± 0.15 ‘Jo 

± 0.10 % 

SiOg 

5-56 ‘Jo 

iO.28 ‘Jo 

± 0.20 % 

MgO 

1-24 ‘Jo 

±0.17 'Jo 

± 0.10 % 

AlgO, 

0.5-24 ‘Jo 

±0.22 <70 

±0.15 % 

MnO 

0.2-9 <70 

±0.07 'Jo 

±0.05 % 

MnO 

4-20 ‘Jo 

±0,40 ‘Jo 


Fe 

0.2-1.5<5i' 

±0.04 'Jo 


Fe 

6-48 ‘Jo 

±0.30 <7o 


TiOi 

0.2-2.S‘J> 

±0.032% 

±0.015% 

P2O5 

0.1-6.0‘!t 

±0.16 % 

±0.08 % 

C 12 O 3 

0.01-6.5<il 

±0.03 % 

±0,01 % 

FeO 

0.5-9.0‘11!> 

±0.10 % 

±0.10 % 


♦Average for all companies and types of slags, including 
^ference standard and samples with routine chemical values. 
Duplicate X-ray analyses. 

pam evaluation on reference standards, one company only. 
Dt?)licate X-ray analyses. 


TABLE V 

Comparative Data on the Accuracy 
of Chemical Analysis of Slags 


Compound 

„Conc, Range 

Max. 

Spread* 

CaO 

33-54 % 

2 . 0 % 

SiO^ 

8-34 % 

1 . 9 % 

MgO 

7-12 % 

0 . 6 % 

AlzOg 

2-16 % 

2 . 3 % 

MnO 

0.5-10 % 

1 . 0 % 

Fe 

0.2-22 % 

0 . 9 % 

TiQj 

0.2-3 % 

0 . 5 % 

P2O5 

0.008-6 % 

0 . 6 % 

S 

0.05-1.5% 

0 . 2 % 

CI 2 O 3 

0.007-1.5% 

0 . 3 % 


♦Difference between high and low results for 
eight laboratories using good chemical meth¬ 
ods. The averages of the eight results were 
used as standard values for the X-ray anal¬ 
yses. 
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TABLE VI 
Oil Additives 


Type 


Ba Ca Zn S Pb Cl 


A 

B 

C 

D 

E 

F 

G 


X 

X 

X 


X 


X 

X 

X 


X 

X 

X 

X 

X 

X 


used on both holders reduces the intensities from the li^ht 
elements by a factor of about two. 

As described previously, the information provided by the 
Q^tometer is the ratios of element intensities to control 
intensities. An external standard, internal standard, or scat- 
tered radiation may be used for control purposes. For this 
study, the external standard and two scattered wavelengths 
were us^ for control. The use of scattered radiation to Sm- 
pensate for various sample effects has been described by Kemp 
^d Andermann (Anal. Chem., Aug.. 1958) and numerous cases 
have been mvestigated to demonstrate its applicability. The two 
scattered wavelengths used for these studies were 0.6 A and 
1.51 A (Compton scatter of the WLoUne). 

Pronounced effects of mixed additives and viscosity are 
readily apparent on plots of concentration vs. however 
satisfactory data can be obtained by using families of curves 
for the various types of oils. Both scattered wavelengths im- 


TABLE VII 

VPXQ Programing for Analysis of Oil 
Additives 


Element Line Crystal Detector 


p 

Ka 

4 in. SiQj 

2 cm Minition 

Ba 


4 in. EDT 

2 cm Minitron 

Ca 

Ka 

4 in. LiF 

Neon Multitron 

Zt 

Ka 

11 in. LiF 

Argon Multitron 

S 

Ka 

4 in. NaCl 

2 cm Minition 

Pb 

La 

11 in. LiF 

Krypton Multitron 

Cl 

Ka 

4 in. EDT 

2 cm Minitron 

SR 

Ext. Std. 


11 in. LiF 

Krypton Multitron 
Argon Multitron 
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correlation and accuracy of the analytical data, with 
me Compt<^ scattered WLa radiation proving much superior to 
the other SR. 

As shown in Figs. 11 >14, which are representative ana- 
ll^ical curves, straight intensity plots require families of 
curves, 0.6 A SR reduces the number of curves, whlleWLa(C) 
SR almost eliminates the need for additional curves. 

The small error shown in the analytical cun^es using 
Compton SR would in all probability be eliminated by using 
chemically analyzed standards. The standards used forth^ 
were prepared by using nominal compositions and dongities 
for the various additives and the calculated values used for 
correlation. For this study, all errors were attributed, to the 
X-ray method; however, for a process control application more 
reliable standards would be required for standardization. 


Slurry Analysis 

While there have been a number of applications using the 
single element Quantrol for process streams or slurries, 
multielement analysis, including the light elements in the same 
manner, has received little attention. 

ARL has designed a slurry chamber (Fig. 15), which is 
adaptable to the Multichannel VXQ to handle process streams 
and to permit the detection and analysis of elements down to 
magnesium. Acceptable intensities for both magnesium and 
aluminum in cement slurries have been obtained. 


CONCLUSION 

These studies have covered a variety of material types and 
demonstrated the applicability of the X-ray emission method of 
analysis. The X-ray method is ideally suited to the control of 
many other nonmetdllic processes. The successful application 
of the available X-ray equipment to a control program is de¬ 
pendent on the development of adequate sampling anri sample 
preparation procedures. 



SOME SPECIAL PROBLEMS IN THE X-RAY 
SPECTROGRAPHIC ANALYSIS OF PLATE 
AND CONTAINER GLASS 

Stephen H. Laning 

Pittsburgh Plate Glass Coxiq)axiy 
Chemical Division 
Barberton, Ohio 


ABSTRACT 

The X-ray spectrographic analysis of glass is straight¬ 
forward for most of the elements with atomic numbers greater 
than 11. However, three of the elements require special at¬ 
tention, since matrix effects are serious enough to require 
correction. These three elements are calcium, silicon, and 
sulfur. 

The X-ray spectrographic analysis of calcium in glass is 
somewhat more difficult since any potassium in the glass 
reduces the intensity of the Ca Ka line by absorption. A cor¬ 
rection factor has been found which when applied to the X-ray 
data gives results in excellent agreement with wet chemical 
analysis. The evaluation of the factor is discussed. 

The analysis of silica in glass is quite difficult for glasses 
from different sources. It is less difficult when analyzing glass 
from the same tank for quality control. Calcium is the in¬ 
terfering element in the analysis. The nature of its interference 
and a procedure for overcoming it are discussed. 

The analysis of sulfur in glass is noiade difficult two 
interferences—a change in backgroimd with calcium content 
and the presence of the WLy^ fifth-order line very near the S 
Ka line. Both interferences must be evaluated. A procedure 
for this analysis is presented. 


INTRODUCTION 

The analysis of glass is a time -cons uming operation re¬ 
quiring many hours by conventional chemical methods. To 
reduce the time needed for an analysis. X-ray methods have 
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been developed for the elements with atomic numbers greater 
than 11 commonly associated with plate and container glassw In 
a few cases such methods have encountered special problems 
which warrant description and our approach to their solutions. 

Our investigations have shown a linear relationship be¬ 
tween concentration and intensity for all the elements studied 
within the limits of wet chemical methods of analysis. Where 
Interelement effects have been observed, corrections have been 
applied to the linear X-ray data. Once suitable standards have 
been procured, glass can be analyzed without much difficulty 
with the exception of the elements calcium, silicon, and sulfur 
and to a lesser extent, barium and titanium. These elements 
will be discussed individually to point out the particular prob¬ 
lem and our solution to it. 


INSTRUMENTATION 

In our analysis of glass two X-ray spectrographs are em¬ 
ployed. A standard Norelco spectrograph is equipped with 
helium path, FA-60 tungsten target X-ray tube, 4 x 0.005 in. 
plate collimator, gas-flow proportional counter with P-10 gas, 
and various analyzing crystals. This instrument is used for 
a preliminary semiquantitative analysis of unknown glasses 
to identify the elements to be analyzed in the glass. This in¬ 
strument is also used for quantitative analysis of the elements 
Ba, Ti, Sr, and Zr. 

The second instrument is a Norelco 3-position spectro¬ 
graph capable of high intensity employing an FA-60 tungsten 
target X-ray tube, hydrogen atmosphere, wide-window gas-flow 
proportion counter using P-10 gas, 1x0.005 in. plate col¬ 
limator before the detector, and a 4 x 0.125 in. plate collimator 
between the sample and analyzing crystal. An RIOL pulse- 
height analyzer (PHA) is used when necessary to reduce back¬ 
ground. Analyzing crystals recommended for glass analysis 
include ammonium dihydrogen phosphate (ADP), ethylene- 
diamine d-tartrate (EDDT), germanium (111), sodium chloride, 
lithium fluoride, and topaz. 


SAMPLE PREPARATION 

A single piece of glass is preferred to a compacted powder 
for glass analysis. A disc 1% in. in diameter by at least Yg in. 
thick is cut from plate glass or the bottom of the container and 
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TABLE I 
Glass Standards 


STEPHEN a LAMING 


National Bureau of Standards 

No. 80: soda-lime-silica glass 
No. 89: lead-barium-silica glass 
No. 91: opal glass 
No. 93: borosilicate glass 
Society of Glass Technology* 

Standard No. 1: soda-lime-alumina-magnesia-silica glass 
Standard No. 2: borosilicate glass 
Standard No. 3: potassium-lead-silica glass 
Standard No. 4; opal glass 

•These standards may be obtained by writing to: University of Sheffield; 
Department of Glass Technology; Elmfield, Northumberland Road; 
S h e ff ield 10, England. 

is given a standard finish by wet grinding with 180 grit alumina 
to make it flat and finished with 302 grit alumina. Both opera¬ 
tions are performed on flat glass polishing plates and take 
about five minutes to complete. 


REFERENCE STANDARDS 

Glass standards are few in number at the present time; 
the National Bureau of Standards offers four different t 5 ?pes of 
glass in powder form only, and the Society of Glass Technology 
offers four different tjrpes in plate or rod form. A list of these 
standards is presented in Table I. 

Additional standards for the various elements of interest 
must be obtained by individual laboratory chemical analyses 
performed by experienced analysts. 

PROCEDURES 

Several different procedures are possible, depending on 
available instrumentation, the degree of accuracy desired, the 
concentration range of the element sought, and the presence or 
absence of interferences. An unknovm glass that is being 
analyzed for the first time should be given a general X—ray 
spectrogxaphic scan using a sodium chloride analyzing crystal 
to determine the elements present and their approximate con¬ 
centrations. Following the general scan, one is ready to begin 
the analysis. High and low standards for an element of interest 
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TABLE n 

General Instrumental Conditions for Analysis of Various 
Elements in Glass 


Component 

Technique 

Analyzing 

Cr 3 rstals 

Angular Position 

PHA 

AlA 

Chart * 

EDDT 

A1 Ka 

Yes 

AsgOs 

Chart 

LiF 

As Ka 

- 

BaO 

Scant l*/min 

LiF 

89-84* 

No 

CaO 

Chart 

liF 

Ca Ka 

- 


Chart 

UF or Topaz 

Fe Ka 

- 

K ,0 

Chart 

LiF 

K Ka 

- 

MgO 

Chart 

ADP 

Mg Ka 

Yes 

SO 3 

Chart 

NaCl 

S Ka and 148" 

Yes 

SiOj 

Chart 

EDDT 

Si Ka 

No 

SrO 

Scan l®/min 

LiF 

26-21" 

No 

TiOj 

Scan l®/min 

LiF 

89-84" 

No 

ZrO, 

Scan l^/min 

liF 

26-21" 

No 


Special Analyses 


Cl 

Chart 

Ge 

Cl Ka 

Yes 

CoO 

Chart 

Topaz 

Co Ka 

- 


Chart 

Topaz 

Cr Ka 

- 

MnO 

Chart 

Topaz 

MnKo 


P2O6 

Chart 

Ge 

P Ka 

Yes 

Se 

Chart 

Topaz 

Se Ka 

Yes 

ZnO 

Chart 

UF 

Zn Ka 

— 


This technique consists of operating the recorder while the goniometer 
remains in a fixed angular position, such as the peak position for an ele¬ 
ment. 

tYliis technique consists of recording intensity while the goniometer 
traverses an angular rsuige of an element of interest. 


are run, followed by the unknowns. One may measure counting 
rates on the standards and unknowns or chart the intensities. 
In some instances calibration curves can be obtained from 
scanning data where one measures peak height above back¬ 
ground. A summary of the instrumental conditions frequently 
employed in our lalxiratory for the various elements is pre¬ 
sented in Table II. 
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Fig. 1. Scanning technique 
for determining barium and 
titanium in glass. The dia¬ 
gram shows a situation fre¬ 
quently encountered in 
glass analysis when using 
our standard spectrograph 
to scan the angular range 
from 89® to 84® for deter¬ 
mining barium and titani¬ 
um. This determination 
would be extremely diffi¬ 
cult on an instrument with 
less resolution, if it could 
be done at all. 


GENERAL PROCEDURES 

When an analysis for an element is not complicated by in¬ 
terferences , the procedure is to chart a high and low standard 
for the particular element and then the unknowns. A linear 
equation is derived from the data for the knowns and the un¬ 
knowns are then evaluated. The recorder is run continuously 
during the period of the determination in order to keep a record 
of the time and to correct for any drift. Correction for drift 
is accomplished by repeating the high and low standards fol¬ 
lowing the unknowns (as illustrated in Figs. 3 and 5). 

Determination of BaO and TiOa 

These two elements are determined together by a scanning 
technique. Figure 1 illustrates a frequent situation in glass 
composition with from 0 to 0.8^ BaO and traces of Ti02. With 
a lithium fluoride analyzing crystal the peak positions of the 
BaLoi and TiKa lines are only 1® apart. Frequently there is 
enough barium in glasses to give sufficient background under 
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TABLE m 

Comparison of Chemical and X-ray Data for CaO 

in Glass 


CaO by Wet 
Analysis, ^ 

K,0. <!{. 

CaO by X-ray 
Uncorrected, % 

CaO by X -ray 
Corrected for KjO, 

12.51 

0.08 

12.49 

12.51 

6.35 

0.31 

6,29 

6.36 

6.77 

0.50 

6.65 

6.76 

8.49* 

0.72 

8.32 

8.48 

7.17 

1.09 

6.96 

7.20 

7.05 

1.12 

6.78 

7.03 

10.87 

2.23 

10.37 

10.87 


♦Society of Glass Technology Standard No. 1. 


the TiKapeak so that it must be subtracted from the TiKapeak 
intensity. This can best be done graphically, as in Fig. 1 . The 
angular scan from 89® to 84* 2$ is made at l®/min and peak 
height above background corrected for overlap is measured 
against a standard that has been nm luiderthe same conditions 
of X-ray intensity. 


Determination of CaO 

The determination of CaO is only slightly more involved 
than the elements that have no Interferences. A noticeable 
matrix effect caused by potassium in the glass must be com¬ 
pensated for in order to have agreement with wet chemical 
values. 

The determination is performed following the general pro¬ 
cedures by charting the peak intensity of CaJfd for the high and 
low standards and the unknown. An X-ray determined CaO 
value is obtained, using a linear equation derived from the 
standards. To this value is added the potassium correction, 
which is found by multiplying the percent KjO found in the glass 
by (0.225^6 CaO/ 1 ^ K 2 O). Table ELI presents a comparison be¬ 
tween wet chemical and X-ray data for CaO in glasses having 
a range of over 2% K 2 O. These data are shown graphically in 
Fig. 2 . 


Determination of SO3 

The determination of SO 3 in glass is noade somewhat more 
complex than that of the previously mentioned elements for 
two Reasons: (1) The general background intensity at the sulfur 
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Fig. 2. Diagram presenting 
the data of Table III in 
graphic form. Tlie curve 
represents the value for 
CaO derived from X-ray 
data; the circles represent 
the values obtained by 
chemical methods. The 
corrections applied to the 
X-ray data place the de¬ 
termined values within the 
circles. 

6 7 e 9 10 ti 12 13 

PERCENT CaO 

Ka line position is influenced by the calcium content of the 
glass; and (2) a fifth-order timggten Ly^ line falls very near 
the sulfur peak. The latter situation results in a higher back¬ 
ground under the sulfur peak than on either side of it. A high 
and low sulfur standard are necessary to evaluate the con¬ 
tribution of the tungsten line to the peak intensity. The general 
background intensity is measured a few degrees from the 
sulfur peak at 148® 20. The peak height above the general back¬ 
ground represents the sum of the two lines S Xa and WL^g, 
n—5. The latter must be subtracted from the peak height to get 
the net intensity due to sulfur alone. 

Figure 3 illustrates the problem in the determination of 
SO3. It can be seen that the background intensity at 148® varies 
with glasses of different CaO content. The low standard con¬ 
tain no SO3 and therefore represents the W Lyg , n= 5 intensity, 
which has to be subtracted from the peak intensity to evaluate 
^e sulfur peak alone. Figure 4 shows our calibration curve, 
including the data for the Society of Glass Technology Standard 
No. 1. 



Determination of Si02 

The determination of Si02 in glass is by far the most com¬ 
plex of the elements determined by X ray. There is no single 
calibration curve, but rather a family of parallel curves de- 
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Fig. 3. Charting technique for determining sulfur in glass. The high 
standard "A* is charted first on the SKa peak and then on background at 
148®. Next, the low standard "B" is similarly charted, then the unknowns, 
followed again by the high standard to check on stability of the instrument. 



Fig. 4. Results of ourpro- 
cedure as outlined in Fig. 
3. The Society of Glass 
Technology Standard No. 1 
was evaluated and is in¬ 
dicated on the drawing. The 
data indicate a linear re¬ 
lationship between intensity 
and concentration. 
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Fig. 5. Nature of the problem in determining silica, as illustrated 
by data obtained using an Autrometer ^th the Society of Glass 
Technology Standard No. 1 as reference. It is evident ihat calcium 
has a signjUHcant influence on the silica intensity which outweighs 
the influences of other elements, although they may contribute to 
the general inaccuracies In the determination. To overcoxne the 
latter problem, a standard having a composition close to that of 
the unknown is used for comparison. 



Fig. 6. Charting technique for detTermlning silica in glass, 
three-position spectrograph. Three standards ("A", "B", and "C") are 
generally required for this determination. Note that the intensity on the 
standards incieases with time, a circumstance 'vdiich is quite difficult to 
compensate for \Kdien using counting techniques rather than charting. 
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pendent on the CaO content of the glass. Some of our data are 
shown in Fig. 5 to illustrate the nature of the problem. 

After the slope has been established, a glass standard 
having the same CaO content as the unknown is run, followed 
by the unknown. The difference in intensity between the known 
and unknown when divided by the slope gives the percent of 
Si 02 to be added to or subtracted from the SiOz value of the 
known. A chart of this determination is shown in Fig. 6 to 
illustrate the procedure. 

CONCLUSIONS 

With the procedures outlined here, it has been possible for 
us to analyze container and plate glass having a wide range of 
composition. Definite improvement in our silica procedure is 
needed to shorten the time of analysis and increase its accuracy. 

Additional studies are needed to evaluate matrix changes 
on the silica intensity, particularly by the elements aluminum, 
magnesium, iron, and potassium. These studies are being made 
as time permits. 
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A RAPID X-RAY FLUORESCENCE METHOD FOR 
THE DETERMINATION OF V, Cu, Mo, Ti, Co, AND Ni 

E. D. Pierron and R. H. Munch 
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St. Louis, Missouri 


ABSTRACT 

The development of a rapid and quantitative X-ray fluores¬ 
cence method for the determination of vanadium, copper, 
molybdenum, titanium, cobalt, and nickel present in mixed 
oxides is discussed. Each element is successively determined 
from the same solution. Instrument settings, matrix effects, 
and accuracy of the method are given. 

INTRODUCTION 

Rapid and precise procedures were needed to study the 
composition of mixed oxides at various steps during their prep¬ 
aration and utilization. No simple wetchemical or colorimetric 
method exists for the quantitative determination of vanadium 
in the presence of molybdenum. The use of X-ray fluorescence 
as an analytical tool has advanced rapidly since 1948, when 
equipment became available commercially. It permits the 
general analysis of multiple components present in a sample 
without separation of the interfering elements prior to meas¬ 
urement. In addition, it offers advantages of speed and accuracy 
seldom found in other analytical methods. 


ANALYTICAL METHOD 


Apparatus 

1. Norelco Universal Vacuum X-ray Spectrograph equipped 
with an FA-60 tungsten target X-ray tube, a lithium fluoride 
analyzing crystal, and a flow proportional counter. 

2. Laboratory centrifuge equipped with 15-ml centrifuge 
tubes and capable of 1500 rpm. 
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Calibration curves. 


mg of elemenf per 100 ml 


Reagents 

1. Sulfuric acid, concentrated—Reagent grade. 

2. Ammonium sulfate—Reagent grade. 

3. Ammonium m eta vanadate—Reagent grade. 

4. Cupric sulfate—CuS 04 - 5 H 2 O. 

5. Ammonium molybdate, (NH4)6Mo7024 • 4H20~Reagent 
grade. 

6. Titanium dioxide, rutile. 

7. Oobalt sulfate, CoSO^* 7 H 2 O—-Reagent grade* 

8 . Nickel sulfate, NiS 04 > 6 H 2 O—Reagent grade. 


Calibration 

Stock standard solutions of concentration equal to 1 g ele- 
ment/lOO ml are made up by dissolving the appropriate amount 
of reagent and 5 g of ammonium sulfate in 20 ml of concen'- 
trated sulfuric acid and diluting this solution to 100 ml with 
water. The concentration of the titanium stock standard solu¬ 
tion equals 50 mg/lOO ml. A 100-ml sample of a composite 
solution containing 150 mg of vanadium and 10 mg of each of 
the other elements is used to determine the instrument panel 
settings. Table I shows the settings necessary to obtain maxi¬ 
mum resolution for each element considered in a sulfuric 
acid—ammonium sulfate solution. 
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The calibration curves shown in the figure were established 
by determining the net counts per second (cps at Ka peak minus 
cps at chosen background) for each element present in three 
standard solutions. The curves show a straight line relation¬ 
ship between the net counts per second and concentration 
within the range to be used. 

Pr«c* 4 ur* 

Transfer approximately 0.2 g of finely ground sample 
(-100 mesh), weighed to the nearest milligram, into a 100-ml 
volumetric flask. Add 20 ml of concentrated sulfuric acid and 
5 g of ammonium sulfate. After 2 to 3 min of gentle boiling, 
the solution is cooled to room temperature and diluted to 
100 ml. Prior to analysis a 25-ml aliquot portion of the solu¬ 
tion is centrifuged at 1500 rpm for 10 min. This operation per¬ 
mits separation of the undissolved silica which is present in 
certain samples and which would interfere during X-ray meas¬ 
urement. 

Transfer approximately 8 ml of the clear supeamatant 
solution into a plastic cup and cover the cup with a 0.00025 in. 
Mylar film window. Place the sample container in the spectro¬ 
graph and set the instrument panel in accordance with Table I 
for each element to be analyzed. For each element the counts 
per second are determined at the corresponding 2B angle for 
Ka peak and background. To increase the accuracy of the meas¬ 
urement a minimum counting time of 3 min is used and all 
measurements are made in duplicate. 

DISCUSSION 

The use of the pulse-hei^t analyzer permits measuring 
radiation which is characteristic of the element being deter¬ 
mined and discriminates against foreign radiations. In addition, 
this electronic component of the instrument increases the 
peak-to-background ratio and thereby increases the sensitivity. 

Preliminaary investigation show^ that serious matrix ef¬ 
fects were obtained when solid powder samples were used. To 
minimize sudh difficulties and facilitate the preparation of 
standard mixtures, the solution technique of sample handling 
was adopted. 

The presence of relatively insoluble oxides such as Ti02 
requires the use of boiling concentrated sulfuric acid in the 
presence of ammonium sulfate to achieve complete solubility 
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TABLE I 

X-ray Spectrograph Settings (W tube; 40 kv, 25 ma; LiF 
crystal; air path; flow proportional counter) 


Element 

Pulse-Height Analyzer 

Detector 
High Voltage 

26 

Base Line, 
Volts 

Window, 

Volts 

BG* 

Ka 

V 

12 

18 

1675 

75.00 

77.05 

Cu 

18 

15 

1675 

46.50 

44.95 

Mo 

9 

12 

1600 

23.00 

20.50 

Ti 

9 

6 

1675 

88.00 

86.20 

Co 

21 

15 

1650 

54.50 

52.80 

Ni 

21 

15 

1650 

23.00 

48.80 


*Background. 


of the sample. A plastic cup sample container and a piece of 
Mylar film in contact with 2056 sulfuric acid solution showed 
no deterioration over a period of 48 hr, thus demonstrating 
the safe use of such solution media in the instrument chamber. 

The matrix effects were studied by deteirminingin duplicate 
and taking the average values of the net counts per second of 
each element present in six series of standard solution. The 
series of solutions were prepared to contain ^er 100 ml): 
200 mg of vanadium + 20 mg of each element in binary mix¬ 
tures; 200 mg of vanadium + 20 mg of each of the other 5 ele¬ 
ments in composite mixtures. In addition, for each minor 
component series, standard solutions were pirepared to contain 
(peY 100 ml): 20 mg of the element + 20 mg of each of the other 
minor elements in binary mixtures. Each element series was 
composed of a minimum of six different standard solutions. 


TABLE n 
Matrix Effects 


Series 

Counts Per Second 

Mean Net Count St. Dev. 

Solution No. 
Counted 

^ Std. 
Deviation 

V 

1024.6 

5.1 

7 

0.5 

Cu 

293.5 

7.6 

9 

2.6 

Mo 

84.3 

2.4 

7 

2.8 

Ti 

25.3 

0.8 

6 

3.0 

Co 

371.7 

1.0 

6 

0.3 

Ni 

520.9 

11.8 

8 

2.3 
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TABLE m 
Recovery Study 


Elements 

Solution No. 
Studied 

Recovery (in % 
Minimum Maximum 

Mean Dev. 
(in'?.) 

V 

5 

99.1 

102.9 

0.8 

Ni 

3 

98.3 

101.8 

1.5 

Mo 

4 

99.0 

100.8 

0.6 

Co 

2 

100.3 

101.7 

0.7 

Cu 

2 

100.1 

104.2 

1.5 


The mean net count, the standard deviation, and the percent 
standard deviation for each series of element as shown in 
Table II were computed from the net counts of that element 
obtained for each standard solution series. Incertaiincases, as 
for the copper series, composite mixtures with various con¬ 
centrations of copper were included in the study. The relatively 
low percent standard deviations shown in Table II indicate that 
no significant matrix effect exists in the composition range 
investigated. 

To save time the background counts are made on the same 
solution for each Ka2d angle at adjacent angles where the back¬ 
ground count is low. Except for the vanadium calibration curve, 
which passes by the coordinate origin, all others intercept 
the cps axis. However, it has been found that the ordinates of 
the c^bration curves at zero concentration are reproducible 
and constant. If background corrections are made by counting 
a blank solution at the Ka2d angles, all the curves intercept 
the coordinate origin. 

To compensate for day-to-day variations ininstrumentper- 
formance, a standard composite solution is counted before each 
series of determinations. It was found that in most cases the 
variations which occur are less than and therefore the ori¬ 
ginal calibration curves are used for calculation. If the varia¬ 
tions aregreaterthanl^, new calibration curves are established 
by counting a standard composite solution in its original con- 
centratipn and in one dilution. 

A recovery study of elements from various synthetic mix¬ 
tures (Table III), shows a minimum mean deviation of 0.6^ 
for molybdenum and a maximum mean deviation of 1.5?^ for 
copper. 

The reproducibility appears to vary from a minimum of llo 
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rslatlvs for VAna.diuin to 3. maximum of 5^ relative for copper 
and nickel; other elements are between these limits. 

Preliminary studies for the determination of phosphorus 
in a concentration equal to 5 mg/100 ml and in the same matrix 
as described therein indicated that only very low sensitivity 
could be obtained. For this purpose an EDDTcrystal was used. 

In conclusion, we may state that the aqueous solution method 
has several advantages over the solid sample method: 

1. No significant matrix effect. 

2. No specific surface area or finish on the sample is 
necessary. 

3. There is uniform distribution of each element within the 
sample. 

4. The concentration of the sample can be reduced accu¬ 
rately several hundred times, if necessary. 

5. The means of addition of internal standards to eliminate 
any interelement effect or instrument variations is 
simplified. 

6. One standard sample with several of its dilutions is suf¬ 
ficient to establish working curves. 
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A REVIEW OF PREPARATIVE 
GAS CHROMATOGRAPHY 
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Preparative gas chromatography can be used to prepare 
fractions for further study, pure-grade reactants, or highly 
purified reference standards. In this paper some current 
methods and problems in processing and collecting micro- and 
milliliter quantities of liquids are reviewed. 

A REVIEW OF PREPARATIVE GAS CHROMATOGRAPHY 

Analytical gas chromatography once followed but now has 
gone far beyond emission spectrophotometry, infrared spec¬ 
troscopy, and mass spectrometry in revolutioplzing analytical 
chemistry. Compared to these other instrumental methods, the 
equipment and methods of analytical gas chromatography are 
simpler and more available, the results generally quicker and 
more obvious, and the need greater, being bas^ on the pre¬ 
viously unsatisfied requirements of almost the entire realm of 
organic chemistry. Part of this need has led to preparative gas 
chromatography, wherein components are separated by gas 
chromatography and then collected for further use or study. 
In this paper, the status of and some criteria for the practice 
of preparative gas chromatography as reported in the literature 
are summarized in two sections; (1) The use of normal analyti¬ 
cal equipment for preparative work; and (2) the design and use 
of scaled-up equipment. In each section, the problems of sample 
introduction, column design and use, and component collection 
are considered. 

PREPARATIVE GAS CHROMATOGRAPHY 
WITH ANALYTICAL EQUIPMENT 

By "analytical equipment" we mean gas chromatographs 
designed primarily to accommodate microliter-sized liquid 
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samples and packed columns of y 4 -in. outside diameter and up 
to about 40 ft in length. 

Sample Introduction-Analytical Equipment 

In any type of gas chromatography, sample introduction is 
the first operation: It can determine the minimum peak width 
and thus either permit or vitiate the desired separation. As 
Martin and Synge [21] pointed out, the charge should be instan¬ 
taneously contained within the first theoretical plate. Thus, the 
sample must be introduced as a plug rather than by logaritlunic 
introduction from a chamber in which more or less complete 
mixing withthe carrier gas takes place. This "plug" Introduction 
requires immediate sample volatilization as well as a continuing 
smooth diameter and the elimination of effective "tees" from 
the complete gas chromatographic system from introduction 
point to detector. If we can assume that the normal gas chro¬ 
matograph and accompanying sampling systems—such as the 
syringe and the Mikrotek dipper, which by now are both very 
well known—satisfy these requirements for instantaneous va¬ 
porization and "plug" injection, then we can proceed to con¬ 
sideration of the y 4 -in.-OD preparative col um n. 

Column Design and Use—Analytical Equipment 

In this section the different natures, functions, and uses of 
y 4 -in.-OD analytical-i.e., yielding minimum HETP-and 
/ 4 -in.-OD preparative columns are outlined. About the only 
features the two types of yj-in. column have in common are 
acceptability of normal bending or coiling [9] and usability with 
the average gas chromatograph. However, if the differences 
between the two types of columns are to be delineated and es¬ 
tablished, the recommendations for analytical columns must 
first be reviewed. 

A y 4 -in. packed column designed primarily to achieve a 
high separation factbr [25] should contain fine (e.g., 100 mesh) 
support particles having a minimum adsorptivity [6] and size 
distribution [7] and supporting a minimum weight, approxi¬ 
mately of stationary phase that will avoid tailing. A mini¬ 
mum—as near zero as possible—sample volume should be 
charged to the column [7, 24]. Finally, smooth, if not linear, 
temperature programing [20] saves analysis time with materials 
having an appreciable boiling range and improves sensitivity 
with these materials. Every one of these points is different for 
a V 4 -in. preparative column because the criterion of service¬ 
ability is different. 
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TABLE I 


Comparison of Analytical and Preparative 1 /4-in. Columns 



Analytical 
(Minimum HETP) 

Preparative 

(Maximum Throughput) 

Sample size 

Minimum; usually 
1-6 /il 

Maximum permitted by column and 
mode of operation; 50-100 /il or more 

Support size 

80-100 mesh 

20-30 mesh 

Support Loading 

1-5^ 

20-307o 

Length 

X 

2X-4X 

Temperature 

Programing 

Linear 

Stepvise 


Although efficiency falls off rapidly with increasing sample 
size [7, 24], Golay [12] has suggested that throughput per unit 
time rather than separation factor or HETP is the prime cri¬ 
terion in preparative work. Thus, he further suggests that pre¬ 
parative columns are likely to be longer than analytical columns 
and to be used at an appreciably higher flow rate. To allow a 
higher flow rate and to permit reasonable ease of sample in¬ 
jection against column head pressure, a coarser support is in¬ 
dicated. More stationary phase, probably 20-30^ by weight, is 
required for the much greater sample quantities injected. 
Finally, using a segmented, long, narrow in.) preparative 
column, and samples of up to 10 ml. Perry [22] demonstrated 
that stepwise temperature programing of narrow columns with 
one step per peak after collectioh of each peak-component af¬ 
fords great sample-loading capacity percolumn area and maxi¬ 
mum time-separation of peaks consistent with minimum time 
per sample. 

The contrast between analytical y 4 -in. columns prepared 
primarily for minimum HETP and preparative y 4 -in. columns 
prepared primarily for maximum sample throughput per unit 
time is summarized in Table I. 

Component Col lection-Analytical Equipment 

Although the preceding distinctions between the two ex¬ 
treme types of y 4 -in. columns, minimum HETP and prepara¬ 
tive, are valid enough and may also emphasize the usability of 
y 4 -in. preparative columns with adequate sample vaporizers 
for samples up to 1ml in size, nevertheless a standing problem 
in the gas chromatographic laboratory is to identify a given 
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peak using the column currently in the instrument. In this sec¬ 
tion a few recent simple, ingenious, and effective microtraps 
for use with run-of-the-mill ^/|-in. columns are reviewed. 

Before any peak-component can be trapped, it must be 
brought to the trap; thus, a requirement for successful peak 
identification is that the detector and detector-exit lines be free 
of voids or tee's and be at the highest temperature reached in 
the column during the run. In odier words, the component must 
be conveyed to the trap as carefully as it was to the detector. 

The idea of using a simple 2- or 3-mm thln-wall glass tube 
9 or 10 in. long comes from Lohr and Kaier [19]. Such a tube 
can be partially inserted into a heated exit port, if there is a 
septum around the tube which fits the port so that the exit gas 
is forced through the tube. Alternatively, the glass tube could 
be firmly butt-ended against the port by a Teflon sleeve. Again, 
the port could terminate in a heated syringe needle onto which 
the tube, containing or terminated by a septum, could be im¬ 
paled. With any such arrangement, the desired peak-component 
condenses within the air- or ice-cooled section of the tube and 
can subsequently be washed down. One tube may then be readily 
used to collect each peak-component. The tubes can be conven¬ 
iently stored in test tubes held in a test-tube rack. 

Several variations add utility to the basic tube idea. For 
example, Mr. D. Ford in our laboratory has used a tube which 
terminates in a fritted disc about 5 mm in diameter; the tube 
rests in a test tube in perhaps 2-3 ml of solvent. The tube then 
condenses the peak-component partly within the tube and ab¬ 
sorbs nearly all of the remainder in the solvent. Later the sol¬ 
vent can be drawn by vacuum back through the disc into the tube 
to dissolve and thus recover the condensate. Finally, if 25-30 
ml of solvent are used, recovery is better than 99 % according 
to measurements with radioactive materials. 

In all these cases, the resulting solution is usually turned 
over as such to the infrared spectroscopist. The advent of 
commercially available microcells and micro-gas cells spe¬ 
cifically designed to be used first with the gas chromatograph 
and then in the infrared spectrometer should further simplify 
and strengthen peak identification. In the microcell, the exit 
gas passes throug^i a glass tube-condenser; the condensed film 
is then centrifuged off the tube into the microcell, both mean¬ 
while being held in a special jig. The microcell containing the 
condensate is then used in conjunction with beam-condensing 
optics. With volatile components, the micro-gas cell is either 
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equipped with Irtran (water-insoluble, infrared-transmitting) 
windows and directly immersed in the chilling bath, or if 
equipped with rock salt windows it may be encased in a poly¬ 
ethylene bag before immersion; the infrared cell thus becomes 
the trap within which the condensate appears. 

Another ingenious method developed by an infrared spectros- 
copist is the KBr powder trap [18]. In this, the peak-component 
in the exit gas is passed through a plug of tamped KBr powder 
on which the component is deposited. This KBr is then formed 
by conventional techniques into a disc for examination by infra¬ 
red spectrophotometry. 

PREPARATIVE GAS CHROMATOGRAPHY 
WITH SCALED-UP EQUIPMENT 

By "scaled-up" equipment we mean any gas chromatograph 
designed to accommodate or produce samples or products of 
1 or larger size, and packed columns larger than Vi in. in 
diameter. However, before proceeding with a discussion of 
scaled-up equipment, let us review the criteria forjudging gas 
chromatographic separations with Vi-in. columns and develop 
from these a target criterion for judging preparative gas chro¬ 
matographic separations. Trying for maximum column effi¬ 
ciency, Bohemen and Purnell [7] obtained 1280 theoretical 
plates/ft (HETP, 0.24 mm) and Scott [26] obtained 600 theoreti¬ 
cal plates/ft (HETP, 0.5 mm). Perry [22] reported300 plates/ft 
(HETP, 1 mm) with a V 4 -in. column used on his analytical pre¬ 
parative gas chromatograph. Most workers, it seems, are satis¬ 
fied to achieve about 200 theoretical plates/ft (HETP, 1.5 mm). 
Johns et al. [15] obtained 117 plates/ft (HETP, 2.6 mm) with 
a Vi-in* column containing 30^ ApiezonJ and used as a standard 
of comparison for their preparative gas chromatograph con¬ 
taining similar Vi-in^-OD columns. 

We apparently can conclude that the average worker, mod¬ 
erately Interested in column efficiency and injecting 1- to 5-fil 
samples into atypical Vi-in. column gas chromatograph, usually 
can expect separations corresponding to about 200 theoretical 
plates/ft (HETP, 1,5 mm). Because efflciencytends to decrease 
with increasing sample size, with which preparative gas chro¬ 
matography is primarily concerned, approximately 200 theo¬ 
retical plates/ft (HETP, 1.5 mm) may betakenas a reasonable 
target efficiency of separation to be expected of a scaled-up 
gas chromatograph. We shall refer to this target efficiency 



PREPARATIVE GAS CHROMATOGRAPHY 


373 


from time to time in the following review, and indeed shall see 
that in one case it has already been exceeded. 


Sample Introduction-Scoled-Up Equipment 

The requirements stated previously for sample introduction 
as a vapor ’’plug*’become more difficult to meet wltib increasing 
sample size, but they still apply. The sample must be com¬ 
pletely vaporized without mixing with the carrier gas, then 
transferred as a plug onto thefirst "plate" of the column. Thus, 
the use of a low-mass, high heat-input vaporizer requires that 
the heat transfer from the heating element into the sample and 
consequent vaporization of the sample must be accomplished 
within a certain period which is short compared to the peak 
width which would be obtained with plug introduction. (Such a 
peak width can be determined by air injection into the top of the 
column; it must be determined separately for each component 
of the chromatograph.) In the same way, the unpacked space 
preceding the column, into which the sample vapor is introduced, 
must be swept out by the carrier gas also within this certain 
period. However, temperature programing can alleviate both 
these requirements under certain conditions to be described. 

If the sample could be 'deposited uniformly on the first 
"plate" of the column while the plate Is at a temperature suffi¬ 
ciently low to act as a perfect collector or reservoir, and to 
prevent its releasing any part of a volatile component into the 
gas phase to move along the column while the remainder of the 
component is still arriving on the column from the vaporizer 
or from the space preceding the column, then the sample would 
not have to arrive as a plug. Once the vapor had been deposited 
uniformly on the cold first plate, the plate could be warmed and 
flow then recommenced at a given, controlled rate. This ap¬ 
proach would make the results of preparative gas chromatog¬ 
raphy independent of the designs of the vaporizer and vapor- 
distributor, inappropriate design of either of which can under¬ 
mine the effectiveness of preparative separations. 

Temperature programing has another theoretically favor¬ 
able effect which will be mentioned under "Column Design and 
Use." 

An alternative and apparently feasible approach which has 
often been mentioned but not reported would be to dissolve the 
sample in the stationary phase of just the first plate, place this 
first plate physically in position on top of the column, bring the 
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plate to temperature, and then start the flow at a given, con¬ 
trolled rate. 

The problem of introducing milliliters of sample against 
column head pressure can be approached in three ways: (1) The 
sample can be manually injected with some alleviation of the 
head- plus sample evaporation-pressure effect, such as by the 
use of a check valve or a valve to turn off the carrier gas flow 
entirely; this method is limited to 1- to 2-ml volumes and to 
fairly short columns, e.g., 10-15 ft. (2) The injection can be 
done automatically, in which case the operator is protected 
from the effect of sudden pressure increases; however, pre¬ 
cautions must be taken against tee’s in the gas stream. (3) The 
sample can be put into some sort of container which is then in¬ 
corporated into the chromatograph by valve action, and presum¬ 
ably swept out at once by the carrier gas. 

We will now consider some ejqperimental arrangements for 
sample introduction in scaled-up preparative gas chro¬ 
matography. 

Kirkland [16] used manual syringe injection onto heated 
Va-in.-diameter steel balls held in a 12-mm-OD x 12.5-cm 
section of glass tubing. The carrier gas was heated upstream 
from the vaporizer. The lO-mm-BD vaporizer opened through 
a ball joint directly into a 31-mm-ID column. Similarly, Atkin¬ 
son and Tuey [2] used automatic injection onto heated steel 
balls held in a x' 3-in. steel vaporizer placed just 

above a 20-mm-ID (0.8-ln.) column. The peak shape issuing 
from the vaporizer was not tested in either case, but ideally 
should have been. 

Alternatively, Johns et al. [15] used a thermostatted, low- 
mass, high heat-input vaporizer which apparently is also ef¬ 
fective. Such an arrangement should allow faster clean-out by 
the earner gas. Again, no data on the peak shape issuing from 
this type of vaporizer operating on different quantities of in¬ 
jected liquids have been made available. 

Huyten et al, [14], in a very important paper, reported 
studies of chromatographing n-pentane over a silicone oil. They 
experienced no trouble with vaporization samples up to 10 ml, 
but did not describe their vaporizer. However, they found that 
with the 3-in.-ID column the inlet cone with which they topped 
their column should be filled, although with the 10-in.-ID 
column the degree of filling of the inlet cone was immaterial. 
With either column, the exit cone should be completely filled. 
Bayer [3] found diffusers more efficient than cones for capping 
or terminating columns. 
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Perry [22] arranged for manual injection into an isolated 
reservoir against atmospheric pressure only. The reservoir 
was then incorporated into the chromatograph by valves. The 
vaporizer was a hot, initial 3-ft section of the 30-ft, ®/8-in.-OD 
column; a better arrangement would have been to pass the 
sample leaving the reservoir through an adequate length of 
Vs-in. steel tubing cast in aluminum and held 20-30“ C above 
the boiling point of the highest-boiling sample component, thus 
assuring vaporization without mixing with the carrier gas and 
with quick clean-out of the vaporizer. 

Bayer et al. [4] have most recently reported using pump 
injection against column head pressure into a vaporizer packed 
with steel wool held 30-60“C above the boilingpoint of the low- 
e s t-boiling component. During the vaporization the vaporizer 
is closed off from the column. The carrier gas issues uniformly 
from a perforated plate at the top of the vaporizer interior; the 
completely vaporized contents are swept out through the cone- 
shaped bottom of the vaporizer into the filled, inverted-cone 
top of the column. 

To summarize: Few data and no comparisons have been 
reported at this time concerning the peak shape of vapor "plugs" 
issuing from the vaporizer- plus inlet-space onto thefirst plate 
of the column, so that vaporizer design is at the moment a mat¬ 
ter for personal preference. A narrow tube embedded in a mass 
of metal such that the sample can be vaporized without cracking 
and swept from the vaporizer without mixing with the carrier 
gas would seem to be an efficient and easily used arrangement. 
With scaled-up columns, diffusers such as sintered steel or 
glass disc may perhaps be preferred to cones for terminating 
columns at either end. 


Column Design and Use—Scaled>Up Ei|uipnient 

Several problems arise in designing scaled-up gas chroma¬ 
tographic columns: Are U-shaped columns allowable, or should 
only straight column sections be used? What is the optimum 
stationary phase-to- support ratio? What can be said about linear 
temperature programing with thick columns? Most important: 
Why are scaled-up columns so much less efficient than V^-in. 
columns, area for area? 

Consider the U-shaped preparative column. What limitation 
on resolution does the 180“ bend impose? Giddings [9] derived an 
expression giving the plate height contribution of one 360“ bend; 
in general, it may be concluded that large-diameter prepara¬ 
tive columns designed for minimum HETP should not be bent. 
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TABLE n 

Liquid Sample Quantities for Injec¬ 
tion into Various Columns without 
Causing Overloading 


Diameter 

Area Ratio 

Liquid Charged 

l/4in.aD 

1.0 

5 j[il 

1/2 in. ID 

6.9 

35 111 

1 in. 

27.7 

140 111 

2 in. ID 

111.0 

550 111 

3 in. ID 

249.3 

1.2 ml 

5 in. ID 

692.5 

3.5 ml 

10 in. ID 

2770 

14 ml 


Does an optimum stationary phase-to-support ratio for 
preparative work exist ? Or, if the art of preparative gas chro¬ 
matography were better understood, could the ratio be lowered 
to gain resolution [26, 27]? Bayer and Witsch [5] have shown 
that for a 50-/il sample injected onto a 1.77-cm-diameter col¬ 
umn, a 10^ ratio gives a lower HETP than a 30^ ratio. On the 
other hand, the 10^^ratio support overloads more quickly. Their 
conclusion is that a 20^ ratio gains the low HETP of the 10?^ 
ratio plus the higher capacity of the 30^ ratio; the 20^ratio 
si^port exhibits performance superior to each of the other 
ratios at all but the smallest sample sizes. And what are the 
sample sizes one should expect to handle in preparative gas 
chromatography? 

In Table II are presented some liquid sample quantities, 
bas^ on ratios of cross-sectional area, which could probably 
be Injected onto columns of various diameters and stationary 
phase-to-support ratios without causing overloading, i,e., an 
increase in HETP, Thus, if a Vi-in. column with a given pack- 
^ can take no more thanS^dwilhout overloading, then a 1-in.- 

preparative column with the same packing should have no 
more than about 150/d charged to it. To charge 1 ml, given the 

sanie column packing, at least a 3-in.-ID column would be 
neeaed. 


Althou^ IffiTP seems to decrease uniformly with decreas¬ 
ing s^ple size with Vi-in. columns [7, 15], this does not al¬ 
ways Irold with thicker columns. In 1959, Mr. J, Krupowicz of 
established that a ®/j-in.-OD column shows the 
same resolution, length-for-length, as a V 4 -in. column; and 
moreover that it can handle up to 20ftl of sample without losing 



PREPARATIVE GAS CHROMATOGRAPHY 


377 


resolution. Bayer et al. [5] and Huyten et al. [14] found that, 
with their columns from 0.8-cm to 4.09-cm-ID, increasing 
diameter gives decreasing resolution at minimum sample 
sizes but maintains resolution over a wider sample-size range 
before overloading. In contrast, Peurifoy et al. [23] found a 
uniform decrease in resolution for all increases in sample 
size. Thus, we have so far considered the variables in prepara¬ 
tive gas chromatography of bending the column (undesirable), of 
optimum stationary phase-to-support ratio (about 20^), and of 
quantity of sample to be charged (less than 1 ml with columns 
up to about 3 in. ID). Another variable is temperature pro¬ 
graming, after which we will take up the fundamental problem 
of maintaining separation efficiency while increasing column 
diameter. 

Temperature programing offers, in addition to its other ad¬ 
vantages, another type of benefit to preparative gas chromatog¬ 
raphy with thick columns. As will be pointed out in the following 
paragraph, gas tends to travel faster down the walls of the 
thicker columns. Also, with thicker columns subjected to linear 
temperature programing, the walls are likely to be considerably 
hotter than the center; indeed, the thicker the column, the more 
likely there is to be a steep temperature gradient restricted to 
the wall region. Therefore, because the viscosity of gases in¬ 
creases with temperature, a viscosity gradient offsetting the 
usual velocity profile exists across linear temperature-pro¬ 
gramed thick columns. In other words, the phenomena associ¬ 
ated with linear temperature programing of thick columns 
comprise a specific answer to the boundary-layer effect (the 
velocity profile), which will be described later, which so plagues 
preparative gas chromatography. On the other hand, stationary 
phases are required which offer partition coefficients of rela¬ 
tively low temperature sensitivity, but this is a requirement in 
any case for linear temperature programing of thick .columns. 
(My colleague, Mr. F. L. Boys, has pointed out in personal dis¬ 
cussions that the same type of advantageous effect can be 
brought about in an isothermal run with a thick, relatively shoirt 
column if, just before the sample is introduced, the wall tem¬ 
perature is suddenly increased, thus tending to create the de¬ 
sired viscosity gradient without substantially affecting the 
column temperature during the run.) Thus, linear tempera¬ 
ture-programed preparative gas chromatography with thick 
columns is an area which needs more development of theory 
and more detailed measurements of temperature and velocity 
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profiles witJilii the columii. Thefinal area to be considered here, 
tbat of maintaining separation efficiency in scaled-up columns, 
seems to be yielding to study. 

The fundamental problem in scaling-up columns seems to 
be a "boundary-layer effect," i.e., the presence of interparticle 
passages near the column wall which are larger riian those in 
the column center. Consequently, the carrier gas moves faster 
near the wall; in moving faster, it distorts the spatial concen¬ 
tration gradients of the component vapor bands. Because the 
vapor bands are usually collected as if they were still planar 
and had not been distorted, the separation of components may 
deteriorate with large-diameter columns. The problem has re¬ 
ceived considerable effective attention and will no doubt re¬ 
ceive a great deal more—witness the sudden proliferation of 
commercial preparative gas chromatographs, 

Golay [11] stated the theory of the problem and suggested 
insertion into the column of "mixing washers" which would 
penodically reinix the gas crossing planes normal to the 
column axis, Frisone [8], observing the boundary-layer effect 
m a 9-ft, 2-in.-ID column, inserted solvent-saturated, column- 
^ng, filter-paper rings as mixing washers at 1-ft intervals, 
ihe rings had concentric holes decreasing with ring height from 
^ in. to 1/j in. ID. As a result, after numerous andpains- 
^ng failures with the column before trying mixing washers, 
Fnsone now reported "very good" peak shape and resolution 
^m a chromatogram which was "very gratifying indeed. "Fur- 
ther work showed 68 theoretical plates/ft (HETP, 4,7 mm), or a 
tom of 615 theoretical plates available with a sample charge 
of 0.2 ml. “ 


again to the important paper of Huyten et al, 
114): Using a 3-in.-ID column, these authors studied velocity 
profiles and radial and axial diffusivities as a function of 
column len^, method of packing, and mesh size. They found a 
pronounced wall effect" with a velocity 12 times greater than 
particle diameter of the wall. They also 
found ra^al symmetry in gas movement within the column. 

profile are compensatedby radial 
small columns; in large columns, the wall-located 
important Thus, the worsteffectsof the 
cm ID^°^^^ believed to be found with a column of 


pacldng has. a pronounced effect on the den- 
ty p file of the packing: the more agitation, the denser the 
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packing in the center of the column. The velocity profile, the 
radial diffusion, and the axial diffusion are all affected in a 
complex way by the manner of packing. Separation efficiency is 
increased by a low velocity profile and low axial diffusivity, and 
by a high radial diffusivity. 

Experimentally, Huyten et al,, found packing at a low filling 
rate and with radial beating gave the most favorable results. 
Equally important is limiting individual column lengths to 1 m; 
such 1-m columns, connected by narrow tubes, can be used in 
series with no HETP increases, 

Bayer [3] confirmed the low-filling rate, radial-beating 
packing practice, and also improved over—all efficiency by 
enameling the column wall with sintered firebrick in order to 
lower gas wall velocities. The firebrick was then coated with 
the stationary phase. This column 3 delded 170 theoretical 
plates/ft, an HETP of 1,8 mm. 

Finally, Hu 3 rten etal, [14], injecting a 1-ml n-pentane charge 
onto a 1-m, 3-in,-ID column, achieved 153 theoretical plates/ft 
(HETP, 2 mm); and injecting a 10-ml n -pentane charge onto a 
1-m, 10-in,-ID column, 122 theoretical plates/ft (HETP, 2,5 
mm). Further, when concentric outlet cones were used to col¬ 
lect only the center half of the total flow from the 10-in,-ED 
column, 260 theoretical plates/ft (HETP, 1,25 mm) were ob¬ 
served, Thus, the "target efficiency" proposed earlier can be 
and has been surpassed. 

Looking at the boundary-layer effect from an entirely dif¬ 
ferent angle, Giddings [10] has recently proposed, with sup- 
porting evidence, that the normal process of packing concen¬ 
trates fines in the center of the column and coarser particles 
nearer the wall. He suggests that this maldistribution of par¬ 
ticles causes the dome-shaped velocity profile. He further 
suggests an annular column geometry as the most promising 
solution; his work on his approach was in press in February, 

To summarize: Definite predictions can be made concerning 
the allowable bending radius for U-shaped preparative columns 
of given ID and desired resolution; in general, a column with an 
internal radius larger than about 1 cm should not be bent. 

In the present state of the art, a 20?^-by-weight stationary 
phase-to-support ratio seems optimum for preparative 
packings. 

Increasing sample size increases HETP; some workers 
report a continuous increase, others report a minimum HETP 
maintained over a range of minimum sample sizes. 
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Scaled-up columns tend to be less efficient, even given per¬ 
fect sample injection, because the carrier gas moves faster 
near the column walls. The effect is presumably most noticeable 
damaging to resolution with 1-cm-ID columns. The most 
efficient preparative separations to date have been 
wife columns not exceeding Im in length, which have roughened 
walls, which have been slowly filled with beating, and which are 
terminated by diffusers; if longer columns are required, the 
shorter sections are combined by narrow tubing. With these 
columns, at least wilh isothermal runs, gases eluted from the 
axial region should for most efficient separations be collected 
separately from gases from the wall region. With these prac¬ 
tices, resolution of over 150 theoretical plates/ft (HETP, 2 mm) 
IS rea(hly obtainable; with only axial gases being collected, 
resolution of 260 theoretical plates/ft (HETP, 1.25 mm) has 


Linear temperature programing of thick columns offers 
'^^tages which have not been brought out by its propo- 
nen s, Given an adequately low column temperature during 
chromatographic development can start 
ciiw. mixture completely and Ideally distributed 

Qiroughout the first plate. Also given that a stationary phase 
coefficient of low temperature sensitivity is 
used, then the unfavorable velocity profile found with thick 
ohrans can be offset by a viscosity gradient derived from the 
gradient and primarily restricted to the wall 

region* 


Detection—Scaled-Up Equipment 

With preparative gas chromatographs, thermal conductivity 
0 A« ^ w used. If the carrier gas flow is above 

22] take only a small 
^ effluent through the detector in order to improve 

^nsi ty and to eliminate instability caused by turbulence. 

side of the thermal conductivity detector is gen- 
of fhJr'o ®®a-led or else supplied with a separated stream 
itv the improvement in baseline stabil- 

^ shielding the entire detector bridge very carefully 
from any air movement is becoming increasingly realized 

Con,^.„t Coll.ctio™-Scal.d.Up Equipment 

gas enters carrier 

gas enters a cold trap, the component vapor very frequently 
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forms tiny solid particles, or fog [17], This fog, which is the 
desired component, moves strai^t through the trap, inhibiting 
or preventing component lecoverry. Despite the la.rge number 
of varied and ingenious solutions to the problem of fog which 
have been reported, the problemremaiasv/ith us. We can, how¬ 
ever, at least review some of what has been done. 

Kirkland [16] devised an "actremely effective" glass trap 
consisting of an indented glass tube followed by a narrower 
helical tube. The glass receiver of Perry [22] "eliminates'' 
fogging by passing the gas first dirough a narrow helical tube, 
then against a cold finger within the trap. 

Atkinson and Tuey [2] devised a "completely effective" fog 
precipitator placed within a trap which condensedvapors "rea¬ 
sonably well." Their precipitator consisted of a 10-cm-long 
steel cylinder of 16-mm diameter witha center steel rod-elec¬ 
trode; 7-8 kv DC was applied across the electrodes. The trap 
consisted of about 16 in, of narrow tubing producing turbulent 
gas flow and therefore fairly effective condensation. 

Wehrli and Kovats [28] reported a device in which the 
cooled receiving-tube is rotated onitsancis to become an in situ 
centrifuge, thus throwing the fog paxrticles onto the receiving- 
tube walls. This device appears vorkableenoui^aadless com¬ 
plicated than it sounds. It allows only a "relatively low loss" of 
desired components. 

Peurifoy et al. [23], using traps packed with glass wool and 
■with copper turnings, reported 91^ ox better recovery with the 
copper-packed trap. They also used successively cooler traps 
in series. 

Ambrose [1] packed traps with activated alumina, -which not 
only adsorbed the fog but also allowed its recovery. He also 
mentioned the value of traps la series with intervening connec¬ 
tors in which the fog particles can revaporize. 

Bayer et al, [4] reported to 98?& collection from a con¬ 
denser-separator in which the component-laden carrier gas 
enters a sharply curving helical space which both condenses 
vapor on the walls and centrifuges the component fog particles 
onto the walls, 'rhemany-tumedhelbc surroundsthe carrier gas 
exit tube; the condensed vapor droplets gather, run off into a 
reservoir, and can be drawn off through a valve. 

Hajra and Radin [13] use the "Millipore" plastic filter, 
which has very uniform small holes, as trappacking. Measure¬ 
ments based on radioactivity show nearly complete recovery. 
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CONCLUSION 

The scope of preparative gas chromatography is quite as 
broad as that of its parent, but it will not be applied so widely: 
Information is more useful than matter. However, preparative 
gas chromatography will grow rapidly and supplant or comple¬ 
ment present distillation practices to supply fractions for 
identification and analysis, pure-grade materials as reactants 
for study, and highly purified materials as reference standards. 
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A COMPLETELY AUTOMATIC PREPARATIVE 
SCALE GAS CHROMATOGRAPH 

J.M. Kauss, J. Peters, and C.B. Euston 

F & M Scientific Corporation 
Avondale, Pennsylvania 


INTRODUCTION 

During recent years the use of gas chromatography for the 
separation and isolation of relatively large quantities of ma¬ 
terial has become increasingly popular. Although preparative 
scale chromatography is still used in conjunction with other 
techniques as an aid in positive qualitative identification of 
components, this application is becoming less important. Other 
applications, such as the preparation of spectroscopic solvents, 
pure materials for reaction studies, and perhaps even the 
isolation of valuable pharmaceuticals, require even higher 
sample capacities. 

Attaining the desired capacities by direct scale-up is 
limited by the rapid decrease in separating efficiency as the 
column diameter is increased. One approach to this problem 
is to limit the scale-up to the point where resolution is not 
seriously affected and then to obtain high capacity by re¬ 
petitive sampling. 

A lab bench model was constructed to study large columns 
and large sample injections. It was found that separating effi¬ 
ciencies comparable to anal^ytical columns could be obtained 
with y 4 -in. diameter columns. The final step in such an ap-r 
proach is to increase daily yields by maklngthe chromatograph 
fully automatic. This makes possible unattended overnight 
operation. This paper describes a unit which utilizes this 
approach. 


DESCRIPTION 
The instrument is shown in Fig. 1. 

The sample mixture is stored in the 300-cc pressurized 
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Fig, 1, The Model 770 Automatic Preparative Gas Chromatograph, 

reservoir which feeds the automatic injector. A standard in¬ 
jection port is provided for manual syringe injections. 

The columns are located inside the circulating air oven. 

After passing through the detector, components emerge 
through the heated manifold and are collected in glass traps 
which are immersed in an insulated coolant bath. The automatic 
fraction collection valve may also be operated manually at any 
time. Column head and back pressures are indicated by the 
dual pointer gauge. A high-temperature back-pressure control 
valve is located between the column exit and the detector. 
Other panel-mounted controls are for various heaters and car¬ 
rier gas and reference flows. 

The unit was originally designed for isothermal operation 
only, but it was found that programmed temperature operation is 
just as desirable in prep scale work as it is in analytical work. 
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In order to obtain maximum versatility it was felt that the 
automatic features of the unit should depend solely on the con¬ 
ditions of the separation being performed rather than on preset 
timing devices. This requires coordination of four major 
systems, the injection system, the fraction-collection system, 
the recorder and, in the case of programmed operation, the 
oven-cooling system. 

A flow schematic of the instrument is shown in Fig. 2. 

The injection is basically a pneumatic-hydraulic intensifier. 
Force is supplied by carrier gas pressure which enters the 
pneumatic side of a differential area stepped piston. The 
pneumatic piston area is 2.5 times the area of the hydraulic 
liquid sample piston area. Thus, when a sample injection 
begins, there is sufficient mechanical advantage to overcome 
^y back-pressure caused when the sample flash vaporizes 
in the hot injection chamber. The injector will inject from 0.25 
to 12 cc. This volume is infinitely variable by a simple screw 
adjustment which determines the sample volume by limiting 
the length of the refill stroke. Refilling force is provided by 
the sample itself because the reservoir is under carrier gas 
pressure at all times. A 12-cc sample is completely injected 
in approximately five seconds. The injection port is a heated 
cylinder having an empty volume of 35 cc. It can be heated to 
400*0 and is filled with stainless steel shot which acts as a 
heat sink. Immediately preceding the injection port is an 
identical cylinder which serves as a carrier gas preheater. 
The heat capacity of tliis injection system is sufficient to 
rapidly vaporize more than 12 cc of sample. 

The vaporized sample then passes through the column or 
columns. The oven chamber accommodates up to six columns. 
They are in. in diameter and 8 ft long and may be mani¬ 
folded for any combination of series or parallel configurations. 

At the exit of the columns, a high-temperature needle valve 
provides a means of varying the back pressure on the system. 
The proper hcad-to-back pressure ratio is often important in 
large separations. This valve is kept isothermally at or near 
the temperature of the thermal conductivity type detector cell. 
This can bo controlled from 100 to 375°C. The entire flow 
passes through the detector. Since the carrier gas flow is 
usually more than 1 liter/min, a specially designed detector 
cell is required for noiseless operation. 

The reference side of the detector is supplied by a com¬ 
plete analytical system which is an integral part of the unit. 




Fig. 2. Flow schematic of Model 770 Automatic Preparative Gas Chromatograph, 














PREPARATIVE SCALE GAS CHROMATOGRAPH 387 

This system has its own flow controller, injection port, a nd 
^-in. column. It is very useful for column scouting work. 
Merely by reversing the detector leads to the recorder with a 
panel mounted switch, the preparative system provides the 
reference flow for the small analytical colunrn. This eliminates 
the labor involved in packing and repacking the large columns 
while determining the best column packing for a g^ven sample. 
From the detector the component enters a heated manifold 
which can be heated to 400°C. 

Before the first fraction is eluted, all flow passes through 
a by-pass clean-up trap. When a peak rises on the recorder, 
a recorder pen activated switch energizes the fraction col¬ 
lection valve. This switch can be preset to any position from 
zero to full scale wherever the operator desires. The valve 
then indexes to the first collection position. TTiis closes the 
by-pass valve and opens the exit of trap no. 1 to the atmos¬ 
phere. All flow then passes through trap no. 1 and the first 
component is condensed out of the carrier gas. After the peak 
passes the set point on the way back downscale, the valve 
indexes to the by-pass position, again closing the component 
trap exit and again opening the by-pass valve. The second 
component causes the valve to index to the second collection 



Fig. 3. Schematic of Model 770 column oven. 
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Fig. 4. Model 770 Chromatograph with oven door open. 

position and so forth, until a maximum of six fractions have 
been collected. Thus, the flow is by-pass, collect one, by-pass, 
collect two, by-pass, and so forth. 

All valving is done on the exit side of the traps and the 
valve operates at room temperature. This eliminates the prob¬ 
lems of high-temperature seals and high-temperature valve 
body corrosion. The traps are open to the atmosphere only 
while the carrier gas is flowing through them. The trap frac¬ 
tions are not exposed to air or moisture because the traps 
always contain a carrier gas atmosphere. To prevent any dif¬ 
fusion between traps, simple gravity ball checks are located in 
the hot manifold. 

After the last component has been eluted, the fraction col¬ 
lection valve resets to the inject position. In isothermal opera¬ 
tion, this resetting operation activates the automatic injector 
which causes the next sample to be introduced. 

For programmed temperature operation, however, the se- 
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9 CC 8 CC 7 CC 6 CC 

Fig. 5. Effect of sample size on separation. C,, C» Cu. Ci, programmed 120' 

to 195'. 


quence of events is slightly different. The elution of the last 
peak still causes the fraction collection valve to index to the 
inject position, but this does not activate the automatic injector. 
Instead, the programmer continues upscale until an upper 
temperature limit has been reached. This limit can be preset 
from 50 to 325®C. At this point, a cooling damper is opened 
and the programmer reverses and drives the controller set 
point back downscale. With the damper open, the blowers draw 
room air into the oven chamber, where it circulates over the 
columns and heaters and passes out an exhaust duct. When a 
preset lower limit has been reached, the damper closes and 
the injector introduces another sample. The programmer then 
starts upscale again and the cycle is repeated. The oven damp¬ 
er operation is shown in Fig. 3. 

The unit is shown with the oven door open in Fig. 4. II- 
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WAVE NUMBERS IN CM-l 



PflTtlal infrared spectrum of material collected in peak no. 3 (2—textiary 
butyl b^^benyl). 
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Fig. 8. Analytical chromatogram of trapped peak (no. S) from 
preparative separation. 


lustrated are the two circulating blowers, the damper, the 
^4-in. analytical column, and 48 ft of prep columns mani¬ 
folded in series. The performance of the unit has been very 
satisfactory and unattended operation of four days has been 
successfully carried out. 

The type of chromatograms obtained are shown in Fig. 5. 
Ihe chromatograms show the effect of sample size on resolu¬ 
tion. These runs were made with three 8-ft columns connected 
in parallel; good resolution was obtained vp to about 4 cc of 
sample. Above this value the first two components are not suf¬ 
ficiently resolved for effective collection, although separation 
of the latter two components is adequate up to values of 9 cc. 
The extraneous peaks on the latter curves do not represent 
impurities in the sample, but are caused by imperfect matching 
of the pressure drop across the thiree parallel columns. How¬ 
ever, even with appreciably mismatched columns the collection 
of the component is in no way impaired, since this function is 
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controlled by the recorder switch, which m this case was set 
at 25^ of scale. 

Tlie F & M Research Department recently worked with 
Jack Gazes of New York University on an interesting practical 
a^llcatlon of the instrument which illustrates its performance 
with high-hoiling materials. The problem was to isolate and 
identify the tertiary butyl biphenyl reaction products of a 
peroxide decomposition. The chromatogram shown in Fig. 6 
was obtained from a 1.5-cc injection of the reaction mixture. 
This was an isothermal run and the column efficiency, based 
on the 4-tertiary butyl biphenyl peak, was calculated as a value 
of 2300 theoretical plates or a height equivalent to 3 mm. 

The collected fractions were tentatively identified by infra¬ 
red spectroscopy. Perhaps the most reliable of the correla¬ 
tions between the absorption maximum wavelengths and molec¬ 
ular structure are the bands between 12 and 15/i, which relate 
to the type and degree of substitution on benzene rings. Figure 
7 shows this region of the IR spectmunof peak no. 3. From the 
fact that a combination of mono- and 1,2-disubstituted benzene 
rings is indicated, it was concluded that the compoimd was 
2-tertiary butyl biphenyl. This is interesting because the 
preparation of this compound has not been reported except in 
very low yields and attempts to duplicate the published S 3 ni- 
theses have been unsuccessful. 

An analytical chromatogram of the 4-tertiary butyl bi¬ 
phenyl collected as peak no. 5 is shown in Fig. 8. The sample 
was run on a flame ionization chromatogram. The first peak 
and the second small peak are caused by the acetone used as 
solvent for the solid biphenyl in the collection trap. This chro¬ 
matogram indicates that the collected biphenyl has a purity of 
better than 99^. 


SUMMARY 

A preparative scale gas chromatograph featuring com¬ 
pletely automatic programmed temperature or isothermal 
operation has been developed. Column efficiencies approaching 
those of -in.-analytical columns have been obtained and effi¬ 
cient collection of very pure components has been demonstrated. 
The application of this instrument to the study of a complex 
reaction mixture has provided a quick, effective solution to a 
separation problem which would have been extremely tedious 
and time consuming by conventional methods. 
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PROGRAMED-TEMPERATURE PREPARATIVE 
CHROMATOGRAPHY 

Nathaniel Brenner and Donald R. Bresky 
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Norwalk, Connecticut 


When we speak of preparative chromatographs we may 
mean either one or both of two distinctly different t 3 ?pes of 
devices. The first type is a small production plant, a device 
intended to produce a large quantity of a known component of 
interest and generally of high value to the user. The second 
type is more closely related to analytical purposes. In this 
case, the user will place the sample into a preparative chro¬ 
matograph for the primary purpose of obtaining a reasonably 
small but very useful pure fraction for further analysis by 
anal 3 ttical chromatography; for use in a mass spectrometer, 
infrared spectrometer, or other anal 3 rtical Instrument; or for 
standard means of semimicroanalysis which are conunonly 
available in organic and analytical laboratories. In designing 
a preparative chromatograph, an instrument company must 
first decide which type it is to be. If it is to be the first type, 
then such features as automatic sampling and automatic col¬ 
lection for repetitive handling on an unattended basis must be 
given primary consideration. On the other hand, if it is to be 
the second t37pe of instrument, automation of the device is not 
necessary; since it is probable that the quantity of component 
which must be prepared will be small, the type of problem to 
which it will be applied will vary from day to day. The user 
who is interested in the device on this basis would consider it 
well worth his time and attention to watch the chromatograph 
while it is in operation. This fundamental decision will affect 
the scale and dimensions, and to a large extent the cost, of the 
equipment. 

At the Perkln-Elmer Corporation it was considered that the 
primary effort in preparative chromatography should be di¬ 
rected to the second purpose, i.e., to constructing a device 
intended largely for the convenience of anal 3 rtlcal and organic 
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chemists who wish to prepare a pure fraction of a component 
of interest for further analysis by other means available to the 
user. Implicit here are some compromises; For example, we 
estimated that a 1 -ml sample should be reasonably manage¬ 
able in the chromatographic column. By allowing for the in¬ 
troduction of 1 ml, we are effectively saying that sample com¬ 
ponents of 0 . 1 ^ or more would be obtained in sufficient quantity 
to niake possible convenient handling by the analyst who wishes 
to fill an infrared cell, ultraviolet cell, or some other equiv¬ 
alent requirement. We also, however, wish to maximize the 
throughput per unit time, since in many cases the analyst will 
be dealing either with sample components of such low con¬ 
centration that repetitive introduction of the materials is re¬ 
quired to collect sufficient sample for further use, or with a 
large number of samples which must be treated so that the 
chromatograph will be made ready for subsequent sampling on 
a fairly repetitive basis. The third requirement, of course, is 
that the low cost and convenience associated with chroma¬ 
tographic separation be maintained. A fourth requirement was 
noted in our study of those users who are presently doing pre¬ 
parative chromatography as an analytical adjunct. This re¬ 
quirement was that the instrument be usable for anal 3 d:ical 
as well as preparative purposes. Although a preparative chro¬ 
matograph would be considered most useful in the average 
analytical laboratory, there are very few laboratories in Which 
the requirement for such instruments is so great that the cost 
of this instrument and the space required could be justified by 
the amount of time devoted to its use. For example, we estimate 
that the average laboratory might use a preparative chro¬ 
matograph for 10 ^ to 20 ^ of the usual work week. The device 
would remain idle the remaining 8 O 5 & or 90'ji of the time. How¬ 
ever, if the chromatograph were sufficiently flexible in design 
so that it could be employed as a reasonably efficient analytical 
instrument, the amount of useful time could be substantially 
increased. 

In order to meet these requirements, it was decided to 
build a column system which would operate on a direct re¬ 
sistance heating principle, employing temperature programing 
as the key instrumental feature in the preparative process. 
The temperature-programing feature was considered most 
useful in preparative chromatography fpr several reasons: 
Figure 1 illustrates the separation of some conunon chlorinated 
hydrocarbon components on a 10 ft. x 1 in. column run iso- 



. 396 


NATHANIEL BRENNER AND DONALD R. BRESKY 


1 Methylene Chloride 

2 Chloroform 

3 Carbon Tetrachloride 

4 l-Chloropantone 

5 Perchloroethylene 

Isothermal I ^ 1-Chlorohexane 

atl32*C*n ^ l-Chloroheptone 

I Programed 
k8*C/mln 


t 


Isothermal at 70® C 



Sample Size: 0,5 ml Liquid 

Column: 3 m x l” OD 

Silicone Oil DC-710 
on GC-22 60/80 mesh 
(33/66 WT/WT) 

Inlet Pressure: lOpsig 


110 iSs ib o ' 90 85 io 75 70 S 60 55 

Temp«rotur«, *0—]32 ' 102 ' ’fo M!nu»ei 



thermally. Since this is not a real problem, of course, a certain 
arbitrary situation was considered; specifically, that the sepa¬ 
ration between components 2 and 3 be sufficient for preparative 
purposes—that is, that they be sufficiently resolved so that a 
reasonably pure fraction of each of these materials could have 
been collected. In order to do this a certain temperature limit 
was obtained, which happened to be 70°C. Note that components 
2 and 3 are adequately resolved, but that at the end of 90 min 
component 7 still has not appeared at the effluent end of the 
colunm. What this means in practical terms is that a new 
sample of either the same material or a new sample could not 
have been introduced into this chromatograph until well over 
90 min had elapsed. Therefore, the potential throughput of this 
column is low indeed. We must recognize, of course, that no 
new samples can be run in a preparative chromatograph if there 
is danger of contamination of these new samples by coincidence 
of elution of a heavy component from a previous run. There¬ 
fore, in preparative chromatography more than in anal 3 rtical 
chromatography, one must be absolutely certain that all com¬ 
ponents of a previous sample have been removed from the col- 
lun prior to introduction of a succeeding sample. In the case 
shown, the temperature of the column was raised after 90 
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Sample Size: 0.5 ml Liquid 



min and, as shown, after 105 min the last component (1-chloro- 
heptane) is eluted. Had isothermal conditions been TnainfginM , 
it would probably have taken nearly two full hours to remove 
that last component. 

Contrast this run with that shown in Fig. 2 , in which the 
temperature-programing feature was employed to increase 
throughput. Here we have exactly the same sample, run on 
the same column and under the same conditions, with a single 
exception: 'Fhe temperature was programed from 50“C up to 
ISCC at a rate of 4®C/min after a 5-min isothermal start. 
Note that components 2 and 3 are still just barely resolved, 
so that the same situation with respect to these components 
exists as in Fig. 1 . In this case, however, 1-chloroheptane had 
been eluted at a sharp peak around the 32-min mark, so that 
after 35 min the column is essentially clean and is ready for 
introduction of the next sample. We can therefore say that the 
incorporation of the programed temperature feature has in¬ 
creased the throughput of this device by a factor of at least 
3. Note also that the band sharpness has increased indirafing 
that the average concentration of the later components as they 
are eluted is higher and therefore that collection efficiency will 
be increased. 

Figure 3 illustrates a second sample run on the same type 
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of column, but with the sample load increased to 1 ml of liquid. 
The peak shapes still indicate that the column is not overloaded 
to any great extent and the separation is very fine. Once again, 
through use of a temperature program we obtain complete 
elution of all components within 20 min of the start and the 
column is ready to go again. 

The problem of column capacity is constantly brought up in 
preparative chromatography, of course, and the question is al¬ 
ways asked, "How much sample can 1 put into your preparative 
chromatograph?" This is a question which is not easily an¬ 
swered except with another question, which is generally "Well, 
exactly what is your problem?" since the amount of sample 
that can be put into any chromatograph is largely dependent on 
the degree of separation required for the particular problem 
to be handled. Obviously, if the separation involves something 
as simple as a two-component mixture of normal butane and 
toluene, extremely large samples could be placed in even a 
standard analytic^ chromatograph. Therefore, it is well to 
examine the special properties of a particular column in terms 
of pure resolving power in order to be able to anticipate just 
how the column will react to a given problem. 

Figure 4 illustrates the resolution in terms of band shape 
as the sample size is increased from very low to high levels. 
In this figure we see succeeding injections of samples varying 




Pig. 5. Effect of sample size on theoretical plates, 
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Model 222 P 
nO*C, 700cc/in 
1 ml Sample 


C/dopent-ane 



6. Resolution vs, com¬ 
ponent size. 


from 10 '/<1 to 500 iil. As can be seen, at the 10- and 50-^1 levels 
the bands are quite symmetrical and shown© evidence of over¬ 
loading. However, starting with 100 fil of pure component it can 
be noted that the bands have an extremely sharp front and a 
somewhat gentle slope onthe back, which is generally indicative 
of an overload of the column. However, there are no other 
distortions of the band, no tailing of peaks, or any other type 
of no nlin earity which could be attributed to either poor in¬ 
jection, vaporization, or other such undesirable behavior. 

Figure 5 illustrates the change in resolution as plotted in 
theoretical plates vs. sample size for the components which 
were shown for the benzene components shown in the previous 
run. Note that with low sample quantities (10-(d. level) on this 
column, resolutions of around 850 plates were attained. How¬ 
ever, as the sample size increased to around the 0.5-ml level, 
the number of effective theoretical plates of the column was 
down to just over 200. This column, incidentally, is not a 
particularly good one; it is an ordinary 10 ft. x 1 in. Apiezon 
colunm, but it does illustrate the general level of resolving 
power that can be obtained from this scale of column under 
these conditions. One might conclude from this that in order to 
get decent resolution on this preparative colmnn, sample sizes 
of the 10-(4l level are as large as we can expect to handle. How¬ 
ever, it should be noted here very carefully that this is not 
true. It should be understoodthatthelO-, 50-, and lOO-fd levels 
shown in Fig. 4 were loadings for a single pure component. 
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Figure 6 shows the resolution vs. component size for a 
mixture of components in which 10 of pentane. 100 ul of 
benzene, and 500^41 of toluene, in addition to some cyclopentane, 
were as a 1-ml mixed sample into the same chromatograph 
with the same column. As can be seen from the graphic il¬ 
lustration, the peak shapes are quite different for the different 
components, depending on their individual concentration level 
in the mixture. The peak for benzene is not of as nearly ideal 
appearance as the small pentane peak, and the toluene peak is 
rather more distorted than that of the benzene peak. This il¬ 
lustrates that the capacity of the column is related to the in¬ 
dividual amount of sample present as well as to the total 
amount of sample injected. 

The table shows some measurements that were made on 
these peaks. On the first line are the resolutions obtained with 
a pure benzene sample injected as the pure compound. On the 
bottom line are the resolutions obtained from components in 
the mixture which were present at the same levels as the cor¬ 
responding pure benzene samples plotted above. Note that there 
is reasonable agreement in resolution between components 
injected, either as pure or as parts of samples, depending 
merely on the number of microliters of that component in¬ 
jected and not on the total amount of sample injected. So, while 
we have essentially begged the question of how large a sample 
a. chromatograph can conveniently handle, we do point out that, 
given a reasonable number of components, 1-ml samples are 
just about of the proper scale for this chromatograph. The 
larger the nu^er of components, the larger the sample that 
can be conveniently handled by the chromatograph. In any case, 
the scale is reasonably well adapted to the applications for 
which the instrument was designed: running samples large 
enough to obtain pure components suitable for analytical pur¬ 
poses by other forms of instrumentation. We stated as one of 
our first objectives the possibility of conveniently running the 
chromatogi'aph with no more trouble than is generally asso¬ 
ciated with analytical chromatography, and also of maximizing 
the throughput per unit time forthc preparative chromatograph. 
The system as shown in Fig. 7 is the chromatograph itself. 
Note the control panel (at left), wliich contains the injection 
block heating facility, temperature read-out, flow controller, 
and programer controls. Above this panel is an injection block 
through which samples are injected bythc standard hypodermic 
syringe method. The samples, which arc vaporized by the in- 
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Resolution vs. 

Component Size for 
and Mixtures 

Pure Benzene 

Benzene 

10 Ml 

100 111 

500 Ml 

As pure compound 

1150 

510 

450 

As part of 1-ml 




mix 

850 

600 

225 


dependently heated injection block heater, pass into a column 
which is ordinarily fitted in the open cage-like structure on 
top of the instrument. The important feature of this system is 
that the column is a direct resistance-heated element, with 
current being supplied through a transformer directly to the 
two ends of the column and the resistance of the column itself 
determining the temperature characteristics that will be ob¬ 
tained. The column is made in two parts which may be of any 
suitable length provided they are made of the proper type of 
stainless steel. This is simply to keep the total resistance of 
the column within the proper limit for the particular trans¬ 
former which is employed. The steel itself is easily obtainable 



Fig. 7. The Perkin-Elmer Model 222 Preparative Chromatograph. 
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Fig. 8. Preparative column 
heating-cooling rate. 


from any standard steel supply house. The two coltuim lengths 
are joined at the top by a U-shaped fitting which is also 
of properly specified steel tubing. Since it is not necessary to 
purchase additional connectors, but merely to transfer the con¬ 
nectors from one set of columns to the other when rhanging 
columns, this is a problem not to the user but only to the 
manufacturer. The ends of the colunrn in all four cases consist 
of Swagelok reducer fittings: at the lower ends, 1 to % in. 
reducers; at the upper ends, 1 to % in. reducers. The con¬ 
nector between the two colupnn paths is not packed with any 
support material or substrate, but since it is of narrow di¬ 
ameter no measurable losses in resolving power occur. All 
fittings have been machined to a funnel shape and are 
with micrometallic diffuser ends so that good flow profiles 
are produced and maintained throughout the column. We have 
found that this serves to increase the resolving power of the 
column by a demonstrably large amount. The direct resistance 
feature makes possible certain inherent advantages inthist 3 rpe 
of construction. For one, the column may be made as long as 
possible without difficulty. The tube is restricted in length 
essentially only by the height of the ceiling. Since it can be 
run up as high as desired, connected to the return tube, and 
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then run down to the instrument again provided the proper 
materials are employed, there is no restriction on length or 
in faict, in realistic terms, on diameter. A second advantage 
is that the tube does not have to be placed in an oven, which 
means that it can be heated and cooled, installed and removed 
very conveniently. Most important to performance, however, 
is the fact that the elinoination of the large oven space which 
would ordinarily be required makes possible very rapid tem¬ 
perature programing. 

Figiire 8 illustrates the heating and cooling curves for a 
10 ft. X1 in. column installed in the preparative chromatograph. 
You will note that with open loop heating a maximum tempera¬ 
ture of 215'’C is obtained after about 12 min of heating, and that 
cooling from 215®C down to 75*C is accomplished within 10 
min. The cooling is very simple: By simply turning off the 
power the convection and radiation loss to the atmosphere is 
sufficient to bring the column temperature down at the rate 
shown. The system is provided wiA linear temperature pro- 
gramer controls which will permitthe selection of any program 
rate from 2°C/min to 26“C/min in steps of 2®C/min. However, 
a 26®C programing rate cannot be maintained over the entire 
heating range. The illustration shows, by means of tangents 
drawn to the curve, that up to a temperature of 150*C any 
program rate up to 19*C/min could be maintained on a linear 
basis, and to a temperature of 200®C program rates of up 
to 6.8®C/min could be maintained. Therefore, at the lower 
temperatures virtually any program rate can be run and fol¬ 
lowed by the colunm, while at higher temperatures, of course, 
the maximum heating rates are restricted. The extreme adapt¬ 
ability of the instrument from one problem to another and also 
the ability to remove unwanted components at the end of the 
run are, of course, considerably enhanced by this rapid tem¬ 
perature change ability. 

One of the problems that was foreseen in using direct 
heating of a column was that of achieving uniformity of tem¬ 
perature throughout the column, both longitudinally and radially. 
Longitudinal gradients are negligible, since they are determined 
by the uniformity of the steel tubing. Since steel tubing is made 
in extremely precise grades and to excellent specifications, 
we found no difficulty in controlling the longitudinal gradients 
in the column. Gradients in the fittings were a little more diffi¬ 
cult; since the fittingfs and connector tubings are of vastly 
different dimensions from the column tubes, they had to be 
carefully selected so that their resistivity and dissipation 
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M ^ possible to those of the column 

tubmg. Much of this was done quite empirically simply by test¬ 
ing the fittings and columns in actual operation with thermo¬ 
coup es aM selecting those materials in dimensioS wmSSs^ 
created a thermal match throughout. wmcnoest 

The problem of radial gradients was a somewhat more 
senous one. It was assumed quite logically that, since we are 
going to rapi^y temperature-program this instrument but that 
we are effectively applying the heat to the outside of the column 
^d not to the inside, severe gradients might be present be¬ 
tween the outside steel jacket of the column and the center of 
the chromosorb or celite packing. While no efforts were 
to measure these gradients exactly, tests were run to show on 
an empirical ^sis whether there was a severe enough radial 
gradient to effect the resolving power of the colunS. It was 
^sumed that if these gradients were truly serious, severe 
degradation of the wave front of the component as it passed 
through the column would result and therefore a seveL de¬ 
crease in the number of theoretical plates would be obtained 
when an isothermal chromatogram was compared with a tem¬ 
perature-programed chromatogram. A series of tests was run 
“ which isothermal runs made on care- 
fully stabilized columns were compared with runs obtained on 
rather fast step-function programs. In the most characteristic 
case, a 10 C/mm program was impressed as a step-function 
on a column through which a 50-^.! sample of benzene was being 

under programed conditions 

110 C. pie band widths obtained here were compared with those 
®^ro“utograms which had been runisothermallyat 
110 C with the same size and type of sample. The band widths 
were found to bo virtually identical and, indeed, the band widths 
and therefore the resolution of the programed-temperature run 
was f^nd to be somewhat superior to that of the isothermal 
run. The actual figures were approximately 1200 theoretical 
plates obtained under programed conditions, and somewhat 
fewer than 1100 obtained under isothermal conditions. While it 
certainly cannot be surmised that there is less of a radial 
gradient under programed conditions than under isothermal 
conditions, it is quite possible that the additional efficiency 
obtained through low-tempcrature operation of the columns 
uring the injection period resulted in an improvement in per¬ 
formance which overrode any degradation of performance due 
to gradients obtained during programing. 

The matter of injection of samples is a most important one 
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in preparative chromatography. In most systems used to date, 
the method used for efficient injection of samples has been that 
of providingahigh-mass vaporizing system—that is, an injection 
system large enough to supply sufficient calories to vaporize 
the entire sample prior to passage onto the column. This was 
done by packing a large mass with aluminum or steel beads 
or similar material to siq^ly a large number of calories for 
this purpose. In the system under discussion a different ap¬ 
proach was used. In this device a low-mass but fast-response 
injection system was provided. Injection is done through a 
septmn in the usual way into a very light but easily heated tube 
where the injection will take place on the way to the column. 
"While the mass of the tube and therefore its function as a 


calorie reservoir is extremely limited, the tube canbe supplied 
with calories at a very rapid rate from the heating system, 
resulting in immediate restqq)ly of calories, i.e., reheating of 
the tube, as fast as it is cooled by the heat of vaporization of 
the sample. The sample can therefore be efficiently vaporized 
on a continuous basis without difficulty. A very important 
feature of the device is the flow restrictor, which can be seen 
in the lower right-hand comer of the main housing (Fig. 7). 
This flow restrictor, when provided with adequate input pres¬ 
sure from the carrier gas tank, serves to maintain a constant 


flow into the Injection system and column regardless of the 
pressure within the system. What this does effectively Is to 
resist the blowback due to the pressure surge crated by the 
rapidly vaporizing sample which has been injected. It forces 
the sample onto the column and prevents it from expanding 
back through the first part of the system and getting to any of 
^ cold areas of the gas-handling system. In effect, as we 
inject the sample the only way the vapor is permitted to travel 
is toward the column, hi a temperature-programed system this 
IS most effective, because the colunm is usually quite cool at 
• of the run. Therefore, as the vapor is injected it is 

nulled into the cool part of the column, collects there (in 
what we mi^ call the first theoretical plate), and does not 
move until such time as the programer is started. 

^ long period without de- 
^ apparent resolution of the system. Infact, we have 

^ injecting samples into the column 
^ nunimizing the surge than by injecting 


Figure 9 shows the collection system, which is at the right 
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Fig. 9. Model 222-P collection system. 

of the instrument. Effluent from the column passes into the 
collector detector system, in which is located a thermal con¬ 
ductivity cell to monitor the effluent and produce a record on a 
strip chart recorder, and a two-port collection system. The 
black knob at the top of the device is a valve handle which can 
be shifted to either of two positions to direct flow into one or 
the other of the collection outlets. The two collector systems 
shown in the illustration are typical of the types used with this 
device. I he one on the left is a Vigreaux type condenser, de¬ 
signed by personnel of the Continental Oil Company which has 
been found very efficient. The one on the right is another de¬ 
sign, developed by Dr. Bombough of the Spencer Chemical 
Company, which has been found most effective for other types 
of collection problems. As illustrated, the general technique 
is simply to suspend the collectors in Dewar flasks, wait for 
the components of interest, and trap them in either of the 
respective collection devices. 

Finally, let us return to one of the requirements set for 
this instrument in the oiriginal objectives—that of constructing 
it so that it is useful not only for preparative chromatography 
but also for analytical chromatography. Since a direct re- 
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1 Formate 

2 Acetate 

3 Propionate 

4 But^e 

5 Caproate 

6 Gipiylate 

7 Coprate 

8 Laurote 

9 Myriftote 
10 Palmltote 


2 m2%SE-30on 



Fig. 10. Analysis of fatty acid esters using Model 222 temperature 
prograxner accessory with Model 154-D. 


sistance-heated coliimn is employed, and since the injection 
system has not been compromised with large volume and large 
mass as is done in most preparative systems, the preparative 
scale column can be replaced with a standard anal 3 rtical scale 
column of similar resistivity and the device immediately con¬ 
verted to analytical purposes. Figure 10 illustrates a chro¬ 
matogram obtained on this chromatograph in this manner: A 
standard Perkin-Elmer 2-m silicone column made with the 
usual dimension was substituted for the usual 10 ft. k 1 in. 

diameter column, a mixture of fatty acid esters was run 
programed at 20*C/min, and an excellent separation of esters 
from Cl to C16 was obtained. While we do not claim that the 
precision of the chromatograph is equivalent to that which could 
be obtained on the best analytical temperature-programed 
chromatograph, it is certainly highly adequate for survey work 
and for reasonably good quantitative analysis. We therefore 
feel that the unit is sufficiently versatile to provide 100^ full¬ 
time utility either as a preparative chromatograph employed 
to obtain pure fractions from large samples for other analytical 
purposes, or as a standard analytical chromatograph to be 
used as a primary qtiantitative or qualitative tool. 



A REMOTE INJECTION AND FRACTION 
COLLECTION APPARATUS FOR PREPARATIVE 
CHROMATOGRAPHY 
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Sl Paul, Minnesota 


INTRODUCTION 

A remote injection and fraction collection apparatus for 
handling explosive or hazardous samples during separation 
on a Beckman Megachrom Preparative Gas Chromatograph is 
described. The apparatus could be used with very little modi¬ 
fication for other commercially designed preparative gas 
chromatography units. 

All components are operated remotely behind plexiglass 
and/or steel plates of adequate thickness to stop all shrapnel 
formed from an explosion in any part of the system. The 
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1. Injector, The back side of the injector is not shielded and should be placed 
close to a wall to provide pressure relief In the event of an explosion. 
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Megachrom Fraction Collectwn Valve 



Fig. 2, Fraction collector. The top of the collector is open and 
should be at least a foot above head level to provide pressure relief 
in die event of an explosion. 


equipment, as described, is designed for handling samples that 
are gases under normal conditions. Again, with minor modi¬ 
fications, compounds boiling well above room temperature 
could be handled on this equipment in the same manner. 

Most machine components on the equipment do not need 
shielding, since the sample is in the vapor phase and the 
cabinet provides protection. Exceptions to this are the sample 
inlet port and the carrier gas stream clean-up traps. A steel 
plate with a hole just large enough to accommodate a hypoder¬ 
mic needle is placed over the inlet to prevent the inlet seal 
retainer from being projectilized should an explosion occur 
while injecting. The clean-up traps are contained and shielded 
in the collection apparatus. 

The injector and recovery apparatus has been used contin¬ 
uously for over six months and has given very satisfactory 
service. 
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Fig. 3 


INJECTOR 

Sample injection into the chromatograph is accomplished by 
differential pressure. The sample is condensed into a chilled 
cylinder of about 30 to 100 cc volume (depending on sample 
size) under vacuum. The cylinder is then heated until the pres¬ 
sure reaches about 100 to 200 psig. Alternate heating and 
cooling of the injector cylinder is accomplished by a hot water 
bath and a liquid nitrogen bath mounted on a turntable which in 
turn is mounted on a hydraulic cylinder. The injection cylinder 
can then be immersed in either bath (see Fig. 1). A thermo- 
statted electric heater is used to keep the water hot and an 
addition line makes it possible to fill the liquid nitrogen Dewar 
and replenish the hot water bath remotely. 

To inject a sample, pressure is relieved into the chroma¬ 
tograph inlet via a flexible arm extending from the injector. 

Since injection is against the chromatograph column inlet 
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Fig. 4 


pressure, a fraction of the sample remains in the injector each 
time so that every sample (except the first) is somewhat diluted 
with the preceding one. This must be kept in mind if quantita¬ 
tive data are to be obtained from chromatograms. Usually, the 
amount of sample that can be charged to the injector is several 
times the amount that can be injected into the chromatograph, 
making several chromatograph injections possible from one 
injector charge. 


FRACTION COLLECTOR 

The remote fraction collector (Fig. 2) does essentially the 
same thing the chromatograph operator would do manually if 
the sample were not hazardous. Fractions are condensed from 
the column effluent in glass traps chilled to dry ice or liquid 
nitrogen temperature. Conventional traps, with stopcocks and 
appropriate connectors added, work very well. The lines be- 





Fig. 5 


tween the fraction collection valve and the fraction collector 
must be flexible to accommodate the rotation of the valve. The 
coolant for each of the four glass traps used is contained in a 
Dewar mounted on a jack which is raised or lowered remotely 
with an extension handle. Addition lines are used to replenish 
the coolant in each Dewar. Four traps are used in this design 
since the rotary collection valve has four trap positions. Each 
collection position is operated in exactly the same way. 

After the sample is condensed in a trap, it is removed by 
vacuum transfer to a storage container. The trap must be iso¬ 
lated from the collection valve to do this, since the valve could 
leak under this vacuum. When the transfer system and storage 
container are evacuated, the contents of the trap are warmed 
by lowering the coolant and applying a stream of air to the trap. 
Normally, the storage container is chilled to effect a complete 
transfer. 

After transferring, the trap must be pressured to 1 psig 
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with helium before it can be opened to the valve. Also, the 
helium pressure must be maintained while the trap is being 
chilled, since a negative pressure at the valve will result in 
air leaking into the system. 

Incorporated into the lower part of the fraction collector 
are the clean-up traps that remove sample and other impurities 
from the column effluent. An extra trap is provided to allow 
continuous operation with the manifold designed so that two 
traps can be in the chromatograph stream while the third is 
being emptied. Except for this feature, the clean-up traps are 
used in the same way as the collection traps. 

Three general views of the entire apparatus are shown in 
Figs. 3-5. 
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Capillary columns and programed-temperature columns 
have shown a roughly parallel and rapid increase in usage. 
These two t 3 ?pes of chromatographs may readily be incorporated 
into a single instrument to combine their advantages. A satis¬ 
factory design is presented. 

INTRODUCTION 

For wide boiling range samples, temperature programing of 
conventional packed columns has demonstrated numerous ad¬ 
vantages. The use of a more nearly optimum column tempera¬ 
ture for each component offers increased resolution of lower 
boiling components, increased peak height sensitivity of higher 
boiling compounds, possible elimination of prior fractionation, 
and a generally more satisfactory analysis. The use of capillary 
columns offers resolution not available with packed columns, 
resulting in a more rapid and complete analysis. 

Considering the impact that the separate techniques of 
capillary column, or Golay, chromatography and programed- 
column-temperature chromatography have had for several 
years, it is surprising that so little interest has been shown 
in combining these techniques. Teranishi et al. [1] had de¬ 
scribed this combination in 1960, using an argon detector, but 
gave few details. Little further mention of programed capillary 
columns was noted until the March, 1962, announcement by 
Perkin-Elmer of the first commercial instrument. During this 
time interval we felt the need for such an instrument, for study 
of wide boiling petroleum fractions, and developed the instru¬ 
ment to be described. 


GENERAL DESIGN 

In designing the programed-temperature capillary column 
gas chromatograph we have aimed for maximum simplicity. It 
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is usually found that the more complex an instrument, the more 
down time required for servicing. Frequently, the simple instru¬ 
ment is found to be more versatile than the complex apparatus. 

The instrument should be designed to be convenient to oper¬ 
ate and service. The column must be thermally isolated from 
the inlet, splitter, and detector, without inclusion of dead spaces 
or cold zones. It is necessary to provide means for rapid heat 
transfer to the column during the sample run, and desirable to 
allow even more rapid column cooling after the run is com¬ 
pleted. 

The hydrogen flame detector was chosenfor this instrument 
because of its wide djmamic range, sensitivity, predictable re¬ 
sponse, usable temperature range, and ease of construction. 

The electrometer design is not considered to be part of the 
basic chromatograph design; any electrometer suitable for use 
with a flame detector is satisfactory, whether the capillary 
column is operated programed or isotherm^illy. 



Fig. 1 . Chromatograph schematic. 
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DESIGN DETAILS 

The flow system is conventional and is shownin Fig, 1. The 
sample is injected, from a microliter syringe, through a silicone 
rubber septum; the vaporized sample is swept directly to the 
splitter. Less than 19^ of the charged sample is usually allowed 
to enter the capillary column, the rest of the sample being 
vented to the atmosphere through a back-pressure needle valve. 
The sample entering the column is resolved and the separated 
components are eluted into the flame, where ionization occurs, 
enabling a measure of component concentration to be made. 

Inlet 

The inlet shown in Fig, 2hasnodead spaces and no changes 
in cross section from the time the sample is injected until the 
sample enters the capillary column. This feature is of special 
importance if extreme speed or resolution is desired. The 
carrier gas is preheated, moves through the annular space of 
the inlet past the septum, and then sweeps the injected sample 
cleanly to the splitter. 



Cop^niory Column 
Not Mounted 
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Splitter 

' The splitter (Fig. 2) Is not greatly unlike other systems, but 
was designed specifically for programed-temperature opera¬ 
tion. The end of the capillary column slips up into the yg-in. 
tube that is integral with the inlet. The vaporized sample slug 
sweeps the end of the column; that portion of the sample not 
entering the column is immediately swept up around the outside 
of the %-in. tube and out of the instrument to a back-pressure 
needle valve. The needle valve is adjusted to give the desired 
split ratio. Since the coated column is a part of the splitter, 
and extends into the splitter body, the splitter temperature is 
usually set for the maximum allowable column temperature. 
The body of the splitteris mounted on a steel plate; 

this plate acts as a heat source so that heat is always availadole 
to be dissipated to the column oven to avoid cold zones. 

Column 

The column, usually 100 ft. x O.Ol-in.-ID stainless steel 
tubing, is wound on an aluminum cylinder 4 V 2 in. in diameter 
up to 4^2 in. long. To provide for mounting of the colunon, short 
lengths of Vg-in. tubing are silver soldered to each end of the 
capillary column as shown in Fig. 2. After the column has been 
coated with the desired li4uid phase, one end of the column is 
broken off nearly flush with the silver solder joint; the other 
end of the column extends about one inch from the silver solder 
joint to function as partofthe sample splitter. Imperial Hl-Seal 
tube fittings, usmg either ferrules or O-rings, are used for 
securing the column. 

Detector 

The most generally accepted version of the flame detector 
is the design described by Desty et al. [2]. This model is es¬ 
pecially good in the avoidance of dead spaces and in minimum 
electron emission from the flame jet. Hydrogen for the flame 
sweeps past the end of the column to help sweep the resolved 
components through the jet into the flame. We did find, in line 
with work reported by Dewar [3], that with this detector design 
ion collection is not complete with high sample concentration. 
Addition of a wire spiral to the collector, so that the flame is 
encircled, appears to result in complete ion collection at all 
sample levels tried. The detector, shown in Fig. 2, was pro¬ 
vided with an extended rigid collector lead to provide thermal 
isolation of the electrometer pick-up cable. 
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Fig. 3. Detector oven. 


Detector Oven 

The oven containing the inlet, splitter, and detector (Fig. 3) 
is constructed of Va-in. Transite. The splitter and detector base 
are mounted on a piece of V 2 -in. steel plate; this plate provides 
for component mounting and helps maintain the splitter and de¬ 
tector at the desired temperature. A 1000-w Calrod heater is 
held in direct contact with the inlet, and approximately Vg in. 
off the steel plate. The oven detector is filled with gravel to 
provide thermal ballast during the time the column oven is 
changing temperature. This arrangement maintains the inlet 
approximately 50°C hotter than the bases of the splitter and 
detector. The top of the detector extends through the lid of the 
oven. The hydrogen flame detector is insensitive to reasonable 
temperature changes, so that no thermostatting is needed; oven 
heat is merely set with an autotransformer. Thermocouples 
are provided to measure temperatures of the inlet and the bases 
of the splitter and detector. The hydrogen and air pass through 
pressure restrictors, enter the oven, and then are preheated by 
passing through about 18 in. of Vg-in. tubing so that neither the 
end of the column nor the jet will be cooled. Carrier gas is pre¬ 
heated in the same manner before entering the inlet. 
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Column Oven 

The column is maintained in a separate oven located below 
the detector oven. This arrangement allows the ends of the 
capillary column to be placed directly in the splitter and de¬ 
tector; in this way no connecting tubing or dead spaces need be 
incorporated. The column, wound on the aluminum cylinder, 
surrounds a 650-w Glocoil heater; air is circulated over the 
heater and around the column by a fan. 

Walls of the column oven are of y 4 “in, Transite, as a com¬ 
promise, to allow arapidtemperatureriseinthe oven, and also 
to have low thermal capacity to allow rapid cooling. Three walls 
of the oven slide out to allow column cooling or column change. 
Column temperature is measured with a calibrated pyrometer; 
the thermocouple is fastened to the aluminum cylinder. 

TEMPERATURE PROGRAMING 

Most of our temperature programing has been by the sim¬ 
plest effective means. The column oven is closed and a pre¬ 
selected voltage is placed on the column heater with an auto¬ 
transformer. In general this method of programing is satis¬ 
factory; however, occasional changes of line voltage will result 
in retention time shifts. To protect the column, the heater volt¬ 
age is set to a value that will give a safe final column tempera¬ 
ture; this usually creates no inconvenience except that it limits 
the rate at which the column may be heated. The instrument has 



Fig. 4. Assembled chromatographs. 
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I. Didecyl phthalate; 100 ft. x 0.01-in. column; 30 psig H 
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satisfactorily with the temperature programer of an 
F&M chromatograph. Any of the programing devices available 
for Unear or special heating rates should be suitable. For 
general analysis it is desirable to use a positive programing 


DISCUSSION 

1 instruments have been built since October, 

ri’ ^^® satisfactorily. The instruments are 

p ctur^ in Fig. 4, As examples of the separations we have the 
follomng clmomatograms: Fig. 5 is a chromatogram of a wax; 
^g. 6, of a blend of methyl benzenes; and Fig. 7, of a cycle oil. 
me first two samples gave a satisfactory analysis; without a 
great de^ of prior physical separation, a complex sample such 
as a cycle oil will give only an estimate of boiling range and 
normal paraffin content and distribution. 

laboratories we use a variety of purchased and 
ra ory constructed electrometers. For a satisfactory noise 
level, we find it necessary to use a minimum length of anti- 
microphonic coaxial cable to pick up the highimpedance signal 
of the flame detector. Using the Desty detector, it is usually 
necessary to isolate the entire chromatograph from ground, so 
nr, brought into the instrument through nylon tubing. 

^ this detector the positive jet is electrically connected to the 

collection advantages 

3r6spoiisibl6 for the d.6sigii,) 

In future models, it would seem worthwhile to inrl udp pro- 

rise caused 

^ elution of coh^n coating as temperature is elevated. Emery 
emer [ ] have demonstrated the practicality of this sys- 
conventional packed columns; application to capillary 
H not present serious technical difficulties. tS 

doctor would also provide cancellation of the back¬ 
ground flame current for use with integral read-out systems. 

CONCLUSION 

presented demonstrates that the advantages of 

be combitiS capillary coliunns may readily 

be combined into a single instrument. 
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A TECHNIQUE FOR THE IDENTIFICATION 
OF VOLATILE FLAVOR COMPONENTS 
IN FOODS 

Reed Jensen* and Stuart W. Leslie 

Armed Forces Food and Container Institute 
Chicago, Illinois 


Gas chromatography has been successfully employed in the 
isolation and preliminary identification of volatile components 
from foods. Pure flavor components have been prepared using 
a two-step distillation followed by two gas chromatographic 
units in series. As pure components are eluted from this 
apparatus, they can be collected for infrared analysis. 

The problem of obtaining pure flavor components from 
foods in quantities suitable for infrared analysis is complicated 
by the minute amount of volatiles present and the desirability 
of keeping the starting material weight below 1000 g. This 
paper describes an economical, rapid, and efficient method 
of obtaining such samples. 

The technique can be eijplained most clearly by pointing out 
that there are two separate steps which are necessary before 
the sample containing volatiles is ready for collection in the 
cold trap of the first gas chromatographic unit. The first step 
is a vacuum distillation of the starting material through a 40- 
cm Vigreux column until 50 ml of distillate have been collected 
(in a flask containing 50 g of salt) and cooled in liquid nitrogen. 
This step separates the volatiles from the solids, which are 
then isolated from the system. The next step is to release the 
volatiles from the frozen aqueous distillate and collect them 
m the gas-sampling trap of the first instrument. This is done 
by heating the salt-saturated distillate until the organic ma- 
^rials are evolved. Helium is passed through this solution 
by means of a capillary and the volatiles are carried to the 
cooled trapping system of the first chromatographic unit. It is 
convenient to use the helium from the instrument exhaust. 


♦Present address: Brigham Young Uiiiver 8 it 7 , Provo, Utah. 
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Pig. 1. Simple trapping device used in early escperi- 
ments* Legend: (A) Helium inlet and capillary 
(B) salt-saturated volatiles solution; (C) boiling brine 
solution; (D) Perkin-Elmer rotary gas valve; (E) stain¬ 
less steel collection trap, Vs diameter; (F) liquid 
nitrogen bath; (G) helium exhaust port; (H) carrier 
gas to detector. 


since it is controlled as to purity and flow rate. The apparatus 
for this is shown in Fig. 1. 

The helium and the volatiles are then carried through the 
tube to the trap of the gas-sampling valve; the volatiles are 
condensed in the trap, while the helium escapes. 

Doing the process in two steps has the obvious disadvantage 
of e^osing the sample to the air and allowing part of the vola¬ 
tiles to escape while preparing the sample for the next distil¬ 
lation. This also allows oxygen to re-enter the flask, causing 
great difficulty when working at liquid nitrogen temperatures. 
It was therefore thought that an apparatus capable of combining 
these steps would be desirable. The apparatus shown in Fig. 2 
was designed to meet these requirements. Figure 3 is an en¬ 
larged view of the intermediate collection flask and Fig. 4 is 
an enlarged view of the infrared gas cell designed in this labo¬ 
ratory. 

During the first operation the stopcock is open, and for the 
second it is closed. It has been found necessary to apply a 
vacuum to the whole system at the gas-sampling valve trap 
in order to make the distillation proceed, since the constant- 
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A 


Fig, 2. Assembled aj^aratus for collecting volatiles. Legends 
(A) Steam Uth; (B) aample; (C) Vigreux column; (D) water- 
cooled condenser; (E) Volatiles-collecting trap (see Fig. 3 
for detaUs); (F) liquid nitrogen cooling bath; (G) gas chro¬ 
matograph; (H) ga8-sairq)ling valve and trap; (I) three-way 
valve with hypodermic needle; (J) sample-collecting cell for 
infrared analysis (see Fig. 4); (K) three-way valve. 



Fig. 3. Detail of collecting 
flask. Legend: (A) Volatiles 
inlet; (B) stopcock; (C) vol¬ 
atiles condensate; (D) heli¬ 
um inlet and capillairy; (E) 
helium and volatiles outlet; 
(F) liquid nitrogen or boil¬ 
ing brine bath. 
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Fig. 4. Detail of infrared 
gas cell. Legend: (A) Sodi¬ 
um chloride windows (V 4 
in. X 1 In. dlam); rub¬ 
ber tubing sleeve; (C) rub¬ 
ber serum cap; (D) cooling 
trap for condensed com¬ 
pounds. 


temperature bath on the 2-liter flask is kept at 100®C. A vacu¬ 
um of 650 mm is generally used. The key to balancing tem¬ 
perature gradients and gas flow in the whole system is the 
three concentric tubes in the neck of the intermediate flask as 
shown in Fig. 3. Note that in the first step the hot gases from 
the condenser must go down into the flask itself and go around 
the bell-shaped second tube before they ctua continue on to the 
top of the gas sampling valve. This assures excellent conden¬ 
sation of volatiles, including water, and keeps the gas flow to a 
minimum. That is, there is little gas to flow on to the vacuum 
pump. 

After the first step is completed the stopcock is closed and 
the collection flask is heated in boiling brine while the trap of 
the gas sampling valve is in liquid Nj. During this operation 
the apparatus functions just as the simple apparatus of Fig. 1. 
As previously mentioned, helium from the instrument exhaust 
is circulated through the system to carry the volatiles to the 
trap to be condensed. 

From here it is a simple matter to heat the trap to 200*C, 
turn the valve, and admit the sample to the first gas chroma¬ 
tograph. In order to assure that enough sample is collected to 
obtain a good spectrogram, the peak under study is accu¬ 
mulated from several identical runs in the gas-sampling valve 
of the second instrument by connecting the Swagelock valve 
from the exhaust of the first instrument to the trap of the 
second instrument. That is, successive runs are made, each 
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time collecting only the peak of interest. We have determined 
that Ik of liquid, or any peak equivalent to thirty (30) units 
(peak height in tenths of total chart width times retention time 
in minutes) on a 5-mv recorder with a chart speed of ^2 in./min, 
will provide sufficient material for an infrared spectrogram. 

While the sample is being trapped at the exit port of the 
first instrument, the infrared gas cell is evacuated to 1 mm of 
pressure. The accumulated sample is then introduced into the 
second instrument, which has a column with different retention 
characteristics to ensure that the peak is really pure. The 
second instrument has been adjusted to have a flow rate of 
25 ml/min, which permits sample collection for at least two 
m i nu tes in the 50-ml infrared cell. When the pen of the second 
instrument starts to record the major peak a hypodermic 
needle, attached to the instrument exhaust, is inserted through 
the septum of the gas cell. When the sample has been collected 
the cell is placed in the beam of the Perkin-Elmer Model 21 
Infrared Spectrophotometer under a heat lamp to ensure that 
the sample does not condense. 

Spectrograms obtained in this manner have been used 
successfully to identify unknown flavor components in both 
meat and fruit products. 



SOME APPLICATIONS OF GAS 
CHROMATOGRAPHY TO FORENSIC CHEMISTRY* 

Daniel T. DragelJ Ed Beck,* 

Andrew H. Principe* 

* Chicago Police Crime Detection Laboratory 
t Armour and Co., Chicago, Illinois 


INTRODUCTION 

Forensic chemistry may be defined as the application of 
scientific chemical techniques to problems involving legal ac¬ 
tion with the purpose of aiding the administration of justice. 
In a crime laboratory, this is accomplished through the 
assessment of physical evidence which may be plainly visible 
but is usually detectable only through the application of very 
sensitive chemical or physical techniques. Gas chromatography, 
now one of the most important analytical tools, has excellent 
capabilities for separating individuals from complex mixtures 
as well as the preparation of pure compounds for subsequent 
identification. 


EQUIPMENT 

Five types of columns are now utilized, depending on the 
nature of the sample to be examined. These are: ( 1 ) the Craig 
polyester type; ( 2 ) ApiezonM; (3) a polyglycol of 20,000 average 
molecular weight; (4) silica gel; and (5) a silicone rubber 
column. The ester column Crable I) has been used primarily 
for fatty methyl esters. This is a 5-ft column operated at 185“C. 
The Apiezon column is used with flammable materials. It is 
4 ft long and is operated from 90* to 215® C, depending on the 
volatility of the material to be separated. Alcohols normally are 
separated on the 6 V 2 -ft polyglycol column at 85® C. The 6 -in. 
silica gel column is used for gase.s at room temperature. Drugs 
are separated on the 5-ft silicone rubber column at 215®C. 
Either hydrogen or helium flowing at lOOml/min serves as the 

*To be published in the Journal <rf Criminal Uw, Criminology and Police Science. 
tChicago Police Crime Detection Laboratory. 

JArmour and Co„ Chicago, Illinois. 
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TABLE I 

Chromatographic Conditions 


Column Packing 

Craig Polyester 

Apiezon M 

Glycol 

Silica Gel 

Silicone 

Rubber 

Column Temp. 

185°C 

90-215 

85 

25 

200-250 

Column Length 

5 ft 

4 ft 

6i ft 

6 ft 

5 ft 

Preheater Temp. 

250‘'C 

250 

150 

- 

275 

Carrier Gas 

H 2 or He 





Carrier Flow Rate 

100 cc min 





Detector 

Gow-Mac Thermal Conductivity Model TE-11 


Recorder 

leeds & Northrup Speedomax 

G 1-sec 

1-mv 




Fig. 1. Attenuator diagram. 
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carrier gas. The detector in this instance was Gow-Mac thermal 
conductivity type Model TE II and the recorder was a Leeds & 
Northrup 1-sec 1-mv Speedomax G. 


DISCUSSION AND RESULTS 

In order to obtain positive identification of a compound or 
mixture, attention must be given to both major and minor peaks. 
In order to accomplish this, the gas chromatographic instrument 
must couple sensitivity with attenuation such that all peaks, 
whether major or minor, are shown in proper relation on the 
same chart. For this purpose a decimal attenuator has been 
constructed, the details of which are shown in Fig. 1. The heart 
of the attenuator is the four-gang Uniselector switch manu¬ 
factured by the General Electric Co. of England. (A similar type 
of switch is now available from radio supply houses.) 

Gang one of the switch contains precision resistors num¬ 
bered Ri through Rj, 'ITie values of these determine the signal 
suppression at any corresponding contact; in this case they are 
multiples of 10, thereby causing attenuation to follow a decimal 
pattern. The sum of values of all of the resistors should equal 
the input impedance of the recorder used. Gang two controls 
the clockwise rotation of the switch arms, which results in 
lesser amounts of attenuation. 'I’hc* most clockwise position of 
this gang is not wired in order to prevent the switch from 
moving below zero attenuation and losing its signal. Gang three 
controls up-scale movement, andouthisgangthemost counter¬ 
clockwise contact is not wired It) prevent the switch from losing 
the signal on its high end. The contacts of gang four are wired 
to corresponding dial lights. These show which range or scale 
is functioning. The base scale, with zero attenuation, Is not 
wired through an indicator light in order to save battery current, 
since most of the time the instrument operates on ba.se range! 
The actual changing of ranges is accomplished by means of two 
solenoids in the switch—one to shift downwanl iind the other to 
shift upward. Tliese can be actuatetlliyfibi*rcams on the slide- 
wire shaft ot the reconk*r, or tliey may be operaletl by meiins 
of manual switches. 'I’lie signal from theattenuatoris recorded 
by a Leeds & Northrup l-.sec l-mv.Speed<nnaxG recorder, 'llie 
signal to the attenuator is furnisluftl byaGow-Mac Model TE II 
thermal conductivity cell carrying ma current. 



434 


DRAGEL, BECK, AND PRINCIPE 


ALCOHOL 

The criminologist must characterize the chromatograms of 
the lower alcohols over wide concentration ranges. These extend 
from the 505^ liquor samples to in blood samples. In the 
liquor sample, automatic attenuation is especially useful since 
here the minor peaks can establish the brand as well as the type 
of beverage. The minor peaks are fermentation products other 
than ethanol, such as acetone, acetaldehyde, ethyl acetate, 
methanol, propanols, butanols, and higher alcohols. 

Alcohol in the blood is a completely different problem from 
alcohol in the bottle. In blood, ethanol is the only peak to be 
determined, and since the expected concentration runs from 0.1 
to 0.2^, high sensitivity must be achieved. If the blood sample 
is first extracted with acetone, blood solids coagulate and need 
not be filtered from the solution prior to injection into the 
chromatograph. Acetone does not interfere with the alcohol 
determination. 

Ethanol is not the only alcohol of importance to the crimi¬ 
nologist. Methanol also is encountered. This lightest of alcohols 
may be determined under the same conditions as have been 
outlined for ethanol and higher alcohols. 


DRUGS 

The problems met in the analysis of drugs are many and 
varied. Some of the most frequent are: (a) Analysis of mixtures 
for one or more components; (b) chemical identification of in¬ 
dividual substances; and (c) identification of small quantities. 

Gas chromatography fulfills the requirements to aid the 
forensic chemist in all of these problems. It has the ability to 
separate complex mixtures, and with special techniques pure 
samples may be collected for positive identification. Inciden- 
tally, positive identity cannot be based on retention time alone. 
In order to chemically identify a substance, it must be isolated 
in pure form and compared with known compounds using 
standard physical and chemical techniques. 

Parker and Kirk [1] separatedandidentifiedsome23 barbi¬ 
turates, each of which produced its own individual peak. These 
eluted compounds may be collected by dissolving in a suitable 
solvent and reserving for positive chemical identification. This 
is accomplished employing a technique developed by Walsh and 
Merritt [2], A color spot test is employed with the eluted 
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sample at the time of collection. Spot test reagents for the var¬ 
ious dmigs are extremely sensitive, with identification limits 
ranging from 1 to 0.001 |ng [3]. Thequantity of sample dissolved 
from the eluted peaks may be increased if necessary by re¬ 
peated injection and collection. Barbital was separated from 
thiopental on a 5-ft aluminum column using silicone rubber on 
firebrick. The sample was collected by bubbling through a test 
tube containing acetone and glass beads. The dissolved eluted 
sample was concentrated by evaporation on a steam bath and 
recrystallized. Evaporation should be carried out in a glass 
well or from a high boiling solvent to obtain well-formed crys¬ 
tals. At least 0.01 jitg of sample must be collected for recrys¬ 
tallization. The recrystallized sample is examined with a 
polarizing microscope equipped with a Kofler Hot Stage. The 
properties observed on this collected sample are shown in 
Table II, With these chemical, physical, and optical properties 
we have fingerprinted this eluted peak and identified it posi¬ 
tively as that of barbital. 


GASES 

The gases most commonly encountered by the forensic 
chemist are carbon monoxide, carbon dioxide, light hydrocar¬ 
bons, cyclopropane, and ether. Carbon monoxide and carbon 
dioxide are usually absorbed by blood from an environment of 
partial combustion. Light hydrocarbons, although much less 
soluble in blood, are more toxic than carbon monoxide. Cyclo¬ 
propane and ether are common anesthetics and can be obtained 
in many clinics and hospitals. All of these gases are best de¬ 
tected at room temperature—the hydrocarbon types on tihe 
Apiezon column and the other gases on either molecular sieve 
or silica gel. Water and blood solids are irreversibly absorbed 
on the silica gel and molecular sieve columns, thereby making 
necessary frequent replacement of thecolumnpackingmaterial. 
Water may be removed from samples injected into the Apiezon 
column using a precolumn either with calcium carbide or cal¬ 
cium hydride. If such a precolumn is utilized, it must be heated 
at leasttolOO'Ctopreventabsorptionofpart of the hydrocarbon 
sample. 


FLAMMADLES 

Flammables are the number one tool of the arsonist. Fortu¬ 
nately, evidence of their use is not completely destroyed even 
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TABLE II 

Properties of Eluted Sample 


Collected Sample 

Barbital 

Soluble in acetone 

Soluble in acetone 

Birefringent 

Birefringent 

Sublimes 

Sublimes 

Melting point 188"C 

Melting point 188*C 

Polymorphic 

Polymorphic 

Eutectic melting point 
(Salophen) 163“C 

Eutectic melting point [5] 
(Salophen) 163®C 



gasoline 

lOcc AIR VAPOR 



DEBRIS 

lOcc AIR VAPOR 


MINUTES 

Column ApiozonM Flow lOOce/min T.mp«omre 180«C 


Fig, 2. Chromatograms of gasoline and of vapor sample from 
rags In burned debris. 
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for flammable material of high vapor pressure or when the 
environment has been at an elevated temperature for several 
hours. The types of materials to be expected include gasoline, 
paint thinner, charcoal lighter, turpentine, paint remover, fuel 
oil, kerosene, etc. None of these materials is a single compound 
but is a definite mixture, and forthis reason identification may 
be established by preparing a chromatogram which covers not 
only the major ingredients but also the minor ones, including 
impurities. Here an automatic attenuator may be of tremendous 
service. Comparing entire patterns rather than single peaks 
eliminates much uncertainty. 

The pattern shown in Fig. 2 was obtained from rags found 
at the scene of a fire after the fire had been extinguished. The 
rags were water saturated, burned, and loaded with debris from 
the building. Only the odor of burned building was evident to 
the nose. The rags were placedinacan and 10 ml of vapor was 
withdrawn slowly by means of a 6-in. needle inserted into the 
rag bulk. This vapor sample was then injected onto the Apiezon 
column operating at 180*C. A similar chromatogram was pre¬ 
pared employing a vapor sample drawn from a container of 
gasoline. The position and relative size of all the peaks in both 
chromatograms indicate that the samples used were similar. 
A current file of chromatograms of flammable materials can 
indicate to the investigator the type of material used, possible 
sources of the material, and in certain cases the age of the 
material. 


TAB LI? Ill 

Fatty Acid Distribution of Some Typical Fats 


Fat 

Source 

Laurie 

Myristic 

Myristolcic 

Palmitic 

Palinittilcic: 

Stearic. 

Oleic 

Liliolcic 

Llnoleiiic 

Pork 

U.4 

0.0 

0.1 

:u,0 

0.1 

0(1.0 

0.5 

Beef 

o,;i 

M.O 

0.2 

211. u 

l.'l 

(Wi.H 

O.li 

Lamb 

O.M 

1.0 

0. 2 

2.fi. 0 

l.M 

7(1.7 

0 

Veal 

2A 

■1.2 

0, M 

;ui. 1 

1.1 

m.u 

0 

Morse 

2.1 

0.0 

0 


U It 

tlH.t) 

0.4 

N48 

0.\) 

1.5 

(».H 

I'J.H 

V. It 

5S. 1 

15.5 

W 55 

0.7 

l.:t 

1. I 

HI. l 

1 1.4 


10.0 

N 32 

i.t; 

i.a 

1.0 

HJ.M 

0. 0 

M.2 

10.0 
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EXAMINATION OF FATS 

Table III shows the fatty acid distribution of a few typical fat 
samples. The first five are from animals; the lower last three 
are human: a 48-year-old Negro, a 55-year-old white, and a 
32-year-old Negro. 

The samples were prepared for chromatography by saponi¬ 
fying with alcoholic KOH and refluxing for a few minutes on a 
steam bath-with a solution of boron trifluoride in methanol ac¬ 
cording to the method of Metcalfe [4]. The fatty methyl esters 
so prepared were then chromatographed at 185®C on the Craig 
polyester column. Fromthefattyaciddlstribution,itis apparent 
that human fat contains more unsaturated fats than animal fat. 
This can be observed in the myristoleic, palmitoleic, and 
linoleic fractions. Also, human fat contains only about one-half 
as much palmitic acid as does animal fat. 

Sufficient evidence is not yet available to establish definitely 
the relationship between different samples of human fat; how¬ 
ever, it would appear that the lauric acid content of human fat 
decreases with age. It would also appear that whites have more 
unsaturation in their fat than Negroes. 

The future of gas chromatography in forensic chemistry ex¬ 
tends further than can be visualized at the present time. In 
addition to the applications mentioned in this paper, such ma¬ 
terials as perfumes, coatings, plastics, oils, solvents, and 
poisons lend themselves readily to chromatographic analyses. 
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